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Final Report 

Introduction. 
The subject of this research effort was to undertake genetic analyses of the acquisition of peak 

bone density that is recognized as an important predictor of osteoporotic fracture in humans. Given that 
these studies are extremely difficult in humans due to the need for prohibitively large populations of sib 
pairs, we utilized an animal model system consisting of low bone density C57BL/6J and high bone 
density C3H/HeJ inbred strains of mice. F2 progeny were produced and genome-wide analyses for 
genetic loci regulating bone mineral density of the femur and the vertebrae were conducted. 
Furthermore, numerous studies were conducted to establish the bone formation and bone resorption 
parameters that accounted for the differences in BMD of these two strains of mice. Homologous 
relationships between the genomes of humans and mice are being utilized to predict the location of 
human genes that might also regulate human BMD. Finally, new technologies associated with 
microarchitecture assessment and biomechanical tests of bone strength parameters are now a part of 
this on-going bone genetics research program. The details of our studies are summarized in the 
following text. 

Body 

Specific Aim A. To map genes that regulate the difference in peak bone density between C3H/HeJ 
(high BMD) and C57BL/6J (low BMD) inbred strains of mice. 

Strategy for genetic analyses of BMD as a quantitative trait. Our genetic analyses utilized a variety 
of mating systems including F2 intercrosses, BXH RI strains, and congenic strains to locate QTLs 
responsible for differences in BMD between progenitor strains: B6, CAST, and C3H. 

• Experiment 1: a (B6 x CAST)-F2 cross was undertaken to gain proof of principle that the 
complex phenotype of BMD could be successfully analyzed by quantitative trait analysis methods. 
Since B6 and CAST are known to be highly polymorphic (genomes 95% different), we predicted that 
genes would be easier to locate in this cross than between strains which are more closely related. 

• Experiment 2: the B6 x C3H-F2 cross was undertaken to exploit the largest known difference 
(50%) in the BMD among inbred strains of mice that we surveyed. 

• Experiment 3: the 12 existing BXH Recombinant Inbred (RI) strains, created for mapping traits 
driven by single polymorphic genes differing between B6 and C3H strains, were tested for BMD 
differences to determine the possibility of mapping major gene effects. 

• Experiment 4: our newly developed congenic strains were tested for effects on BMD of different 
QTL alleles discovered in the B6CAST-F2 and in the B6C3H-F2 intercrosses. 

Experiment 1. Proof of principle - B6CAST-F2 analyses.    Appendix 6. 
We established the polygenic nature and heritability (H^ = 57%) of femoral BMD in F2 mice 

derived from intercross matings of (B6 x CAST)F1 parents. The B6 and CAST/Ei progenitors differ in 
body size, femur length and volume, and mid-diaphyseal circumference. Importantly, the cortical 
thickness was greater in CAST, resulting in more mineral per unit volume and 35% higher BMD than 
in B6. Fl hybrid BMDs are intermediate between the progenitors (Table 1 below). 

Developmental data for ages 2 to 24 months showed that femoral peak BMD was achieved by 4 
months of age in the progenitor strains. Thus, F2 progeny were raised to 4 months of age, then femurs 
were isolated from females and BMD data were obtained by pQCT. (Jointly housed F2 males were 
lethally aggressive, and were not kept.) Genotype data were obtained from genomic DNA for the 19 
autosomes by PCR assays for 127 selected polymorphic markers (4-9 markers, mean genetic interval, 
12-13 cM/chromosome). Genome wide scans for correlation of genetic marker data with high or low 
BMD revealed loci on eight different chromosomes, four of which (Chrs 1, 5, 13, & 15) achieved 
conservative statistical criteria for suggestive (LOD score = 2.8) or significant (LOD score = 4.3) 
linkage with BMD (34). Main effects on BMD associated with marker having the highest LOD score 
on each of the 8 chromosomes are shown in Figure 1 below. 

Table 1. Data for femurs from B6, CAST, and Fl females aged 4 months. Total density data are for 
entire femur; periosteal circumference, cortical thickness, and cortical density data are from mid-point 
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of the diaphysis. Mean ± SEM; no. in () = mice/group. Bold letter gives significance (p < 0.05) of 
CAST and Fl vs B6 (a), and then CAST vs Fl(b). 

Strain Body Femur Total femur Periosteal  Cortical — 
wt. length BMD circum. thickness density 

(g) (mm) (mg/mm^) (mm) (mm) (mg/mm-') 

B6 (14) 21.9 ± 0.8 16.03 ± 0.08 0.458 ± 0.004 4.862 ± 0.042 0.312 ± 0.003 0.663 ± 0.009 

CAST (17) 15.7± 0.3a 13.55 ± 0.09a 0.616 ± 0.0133 4.242 ± 0.033a 0.406 ± 0.006a 0.653 ± 0.005 

Fl (8)        19.6± 0.3a'b 15.76± 0.16a'b  0.563+ 0.006a»b 4.540a>b± 0.014    0.375± 0.003a>b 0.675± 0.006a'b 

Figure 1. Main effects on femoral BMD in B6CAST-F2 mice associated with homozygosity for 
CAST (ca/ca) or B6 (b6/b6) or with heterozygous allelic combination. Bold letters indicate if mean 
BMD for ca/b6 (a) differed from ca/ca or if b6/b6 (b) differed from ca/ca. MIT marker with greatest 
effect is shown in each graph and identifies the chromosomal location of the bone regulatory region. 
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The four best QTLs were named Bmdl (Chr 1), Bmd2 (Chr 5), Bmd3 (Chr 13), and Bmd4 (Chr 
15). Additive effects were observed for Bmdl, recessive for Bmd3 and dominant effects for Bmdl 
and Bmd4. The low BMD B6 strain contributed alleles (b6) on Chrs 4, 5, and 15 that increased BMD! 
None of the 4 named Bmd loci exhibited significant pairwise interaction effects detectable by ANOVA, 
and the summed QTL variances explained a moderate 13.1% of the F2 population variance in BMD. 
The chromosomal regions represented by the 4 Bmd QTLs share homologous linkage relationships 
with several human chromosomal regions (e.g., D1MU15 with lq21-42). We recognize that mouse 
regions must be reduced from current size of 6-31 cM with as many as 2000 genes before pursuit of 
candidate genes is justified. Thus, the B6CAST-F2 progeny provided proof-of-principle for the QTL 
analytic approach, revealing at least 4 to 8 loci regulating BMD in this cross. 

Experiment 2:   B6C3H-F2 analyses. 
Among the 33 inbred strains examined to date, the B6 and C3H strains differ the most in pQCT 

BMD due to increased mineral content and size of the cortical compartment Appendix 12. In young 
adults, the C3H femur is 50% more dense than B6, while the C3H vertebra is a moderate 9% greater 
in density. Body weights and femur dimensions are similar, whereas the C3H vertebrae are 
approximately one-third larger than B6. Data from four month old B6, C3H, and Fl hybrid females 
are shown in Tables 2A & B. In addition, the remaining isolated lumbar spinal columns (L2-L4) 
were assessed by DEXA using a PIXImus instrument (LUNAR Corp., Madison, WI) to obtain QTL 
data for areal BMD for comparison with the pQCT volumetric BMD data. 
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Table 2A. C3H, B6, and Fl data from 4 month old females. Length and density for the entire femur. 
Periosteal, cortical thickness, and cortical density data are from the mid-diaphysis. Mean ± SEM; bold 
letter gives significance (p < 0.05) of C3H and Fl vs. B6 (a), and then C3H vs Fl(b). 

Strain   Body femur Femoral total    periosteal  cortical  
(n)       wt. length BMD circum. thickness        density 

(g) (mm) (mg/mm3)      (mm) (mm) (mg/mm3) 

B6(8)     22.64±0.46 15.54±0.05 0.487±0.005        4.720±0.021 0.312±0.003       0.616±0.004 

C3H(8) 23.06±1.89 15.24±0.14a       0.738±0.006a      4.384+0.0133       0.509±0.008a     0.781±0.006a 

Fl (10)   27.48±0.58a'b    16.3 ±0.78a>b    0.614±0.006a>b   4.488±0.069a'b   0.388±0.002a>b 0.714±0.003a>b 

Table 2B. pQCT data for lumbar vertebrae (L5) from C3H, B6, and Fl females from lumbar L5 
vertebrae. Areal BMD (DEXA) are from L2-L4. Mean ± SEM; no. in () = mice/group. Mean ± SEM; 
bold letter gives significance (p < 0.05) of C3H and Fl vs B6 (a), and then C3H vs Fl(b). 

Mouse       total L5     Cortical Areal Areal 
strain        mineral volume density mineral BMD BMC 

(mg) (mm3) (mg/mm3) (mg) (g/cm2) (g) 

B6(8) 3.80±0.07 13.69+0.23 0.278+0.003 1.65±0.06 0.056±0.002      0.015±0.001 

C3H(12)     5.69±0.18a 18.82±0.47a 0.302+0.0033       3.16±0.16a        0.066±0.001a    0.018±0.001a 

Fl(8) 5.22±0.18a'b     16.74±0.44a>b     0.312±0.004b      2.85±0.15a»b nd nd 

Developmental data from 1-24 months of age showed that both peak femoral and vertebral BMDs 
were achieved by four months in progenitor strains. Accordingly, 1000 F2 females were bred, aged to 
four months, necropsied to obtain femurs and vertebrae, then BMD measured by pQCT and DEXA. 
Heritability (h2) calculations for pQCT BMD yielded estimates of 83% for femurs and 87% for 
vertebrae. Genotype data were obtained for the 19 autosomes by screening F2 progeny for 110 PCR- 
based SSLP markers discriminating B6 and C3H alleles (methodology detailed in Appendices 5 & 9). 
The results of the genome wide scan for each chromosome, with critical thresholds for 'p' levels of 
0.05 and 0.01 corrected for multiple tests, are presented for femoral and vertebral BMD in Figure 2A 
andB. 

Figure 2. Genome wide scan for femoral BMD QTLs (A) and vertebral BMD QTLs (B). 
These complex scans are best viewed in Appendix 12. 

Genetic analyses ofpQCTdata: The summary of best markers and LOD scores from those genetic 
analyses for femur and vertebral density data are found in Table 3 below. We found femoral BMD 
QTLs on 9 chromosomes (signif. linkage -> Chrs 1,4, 6, 11,13, 14, 16, 18; suggest, linkage -> 
Chr 12) contributing to differences between B6 and C3H mice. This rich array of loci was further 
increased by Chrs 1 and 13, each of which has two QTLs for femoral BMD separated by 45 and 20 
cM, respectively. We found vertebral BMD QTLs on 7 chromosomes (signif. linkage -> Chrs 1,4,7, 
9,14,18; suggest, linkage -> Chr 11) contribute to differences between B6 and C3H mice. The best 
markers on Chrs 1,4, 13, 14, and 18 were common to both femur and vertebral sites, while Chrs 6, 
11,12 and 16 were unique to femurs, and Chrs 7 and 9 were unique to the vertebrae. The second 
femoral QTLs on Chr 1 and 13 were not detected at any level of significance for vertebrae. 

Genetic analysis of DEXA PIXImus data. The genetic analysis of spinal data obtained by 
PIXImus revealed QTLs on 5 Chrs (significant linkage -> Chrs 1,4,14,18; suggestive linkage -> 
Chr 16) contributing to areal density differences between B6 and C3H mice. Four of the five DEXA 
QTLs were common to those detected for vertebrae by pQCT, indicative of excellent agreement 
between measurement systems when the phenotypic differences are large enough. The vertebral QTLs 
detected on Chr 7,9, and 13 with pQCT data were not detected by DEXA measurements. 

6 
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Table 3. Summary of genome wide scans of B6C3H-F2 mice for density QTLs. Femoral and L5 
vertebral volumetric BMD obtained by pQCT; lumbar spine areal BMD by DEXA PIXImus. LOD 
scores are given for the best marker (LOD score > 2.8 suggestive linkage; >4.3 significant linkage), ns 
= not significant. 

Chromosome 
and locus 

MGD map 
position (cM) 

F-BMD 
LOD score 

% vari- 
ance 

V-BMD 
LOD score 

% vari- 
ance 

DEXA spine 
LOD score 

Major OTLs 
D1MU282 
DlMitM 

36.9 
81.6 

11.0 
20.3 10.3 

ns 
12.5 5.8 

ns 
8.3 

D4MU124 57.4 16.5 7.5 13.8 6.7 15.0 
D18MU36 24.0 13.1 6.0 4.0 6.9 5.3 

Minor OTLs 
D6MÜ150 51.0 4.6 2.4 ns ~ ns 
D7MU332 65.6 ns — 6.5 2.4 ns 
D9MÜ196 48.0 ns ~ 4.0 2.5 ns 
D11MU242 31.0 6.3 3.2 ns ns ns 
D12MU215 2.0 3.6 1.5 ns ns ns 
D13MU266 
D13MÜ13 

16.0 
35.0 

6.4 
9.0 3.0 

ns 
2.9 

ns 
ns 

ns 
ns 

D14MU160 40.0 4.4 2.0 4.1 2.5 6.9 
D16MU12 27.6 4.3 2.0 ns — 2.8 

Collectively, the 9 femoral QTLs accounted for 37.9% of the F2 femur BMD variance, with the 
major QTLs on Chrs 1,4, and 18 accounting for nearly 2/3 ofthat population variance. Likewise, the 
7 vertebral QTLs accounted for 25.6% of the F2 vertebral BMD variance, with the best QTLs on Chrs 
1,4, and 18 accounting for 3/4 of that population variance. As was true for the B6CAST-F2 data, 
extensive pairwise marker analyses by ANOVA for interaction between loci was remarkable in that no 
significant interactions among QTLs for either bone site were detected. From a statistical perspective, 
femoral and vertebral BMD result from the sum of the individual effects of alleles at each locus. 

Analyses ofallele effects. The main effects of alleles for each QTL found in the B6C3H-F2 
progeny proved predominantly additive, since the b6/c3 allelic combination was intermediate in BMD 
and significantly different from either homozygous combination (b6/b6 or c3/c3). Exceptions appeared 
to be Chr 12 (D12MU215) and Chr 16 (D16MU12), where C3H alleles acted in a recessive manner. 
Only two of the QTLs, Chr 6 and 12, decreased femoral BMD as the number of C3H alleles increased, 
whereas for each of the other QTLs C3H alleles increased BMD. Graphs, in descending size of the 
QTL LOD score, depicting each QTL's effects are shown in Figure 3 shown on the next page, along 
with the proposed names of each QTL (Bmd). 

Figure 3. Main effects of QTLs on femoral BMD in F2 progeny; LOD scores > 3.6. Mean values are 
indicated by filled circles; SEM varied from 0.4-0.5% of the means and are not shown. Letters indicate 
comparison (p <0.005), a = signif. differ, from b6/b6 and b signif. differ from b6/c3. 
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Benefits & limitations ofQTL analyses. QTL analyses yield insights about the number of genes 
supporting BMD, identify regions likely to contain BMD loci (95% confidence intervals), and lead to 
the estimated variance of BMD for which these loci can account. Although this approach will not 
identify candidate genes because the markers are surrogates and rarely lie within a gene, further genetic 
manipulations can narrow QTL regions in preparation for candidate gene analyses, as well as for 
cloning. One must be aware that LOD scores assess strength of association between genetic markers 
and BMD, and not a QTL's effect on BMD. Better mathematical tools are needed to address multigenic 
interactions and to discriminate whether more than one locus resides within a QTL region. An 
important issue is the likelihood that Type II errors associated with the stringent significance levels 
proposed by Lander and Kruglyak (1995), leading to incomplete appreciation of the genes supporting 
a polygenic trait. An example of this is addressed below in the discussion of the congenic strains. 
Nevertheless, given substantial F2 intercross progenies, the QTL methodology has provided insights 
and knowledge of BMD genetics not addressable by any other method and pointed toward fruitful 
directions of discovery. 

Experiment 3: BXH RI strain analyses. Appendix 19. The second form of genetic cross 
proposed for analyses of BMD loci was the BXH Recombinant Inbred (RI) strains. This set of 12 
inbred strains was derived from intercrosses of (B6 x C3H)F1 parents to produce F2 progeny, then 
inbreeding individual F2 x F2 matings to obtain new strains of mice. At F20, each is a new strain with 
half of its genome from B6 and half from C3H, and each new strain has a different combination of 
genes from the B6 and C3H progenitors. The BXH RI have been typed by other laboratories for more 
than 600 polymorphic genes and SSLPs representing all autosomes and sex chromosomes. In theory, 
any trait dependent on 1-2 genes that differs between B6 and C3H can be quickly mapped to a 
chromosome by phenotyping a few mice from each BXH RI strain to obtain the strain distribution 
pattern (SDP). This new pattern is compared to all other SDPs for genes of known chromosomal 
location to find the linkage. 

Virgin BXH RI strain females with mature bone density were necropsied at 8 months to obtain 
femurs and vertebrae. Femurs were isolated and measured in groups of 6-14 females by pQCT for 

8 
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density and linear properties described for B6C3H-F2 progeny. 
Results. Data are summarized in Table 4 below, wherein mean values for RI strains are 

compared with the progenitors. Body weights and femur lengths were similar for B6 and C3H. In 
contrast, five of the RI strains had lower body weights than B6, and many of the RI strains had shorter 
femurs than either progenitor. As expected, the B6 and C3H progenitors differed for femur and 
vertebral BMD. All BXH RI means for femur BMD were intermediate between B6 and C3H. On the 
other hand, vertebral BMD displayed a broad range of values that were lower, intermediate or higher 
than the B6 and C3H progenitors. Only the high femur density of C3H was not recapitulated in at least 
one of the BXH RI strains. BXH-2 developed early leukemia and have been excluded from the table. 

Table 4. Body weight, femoral and vertebral pQCT parameters from B6, C3H, and BXH RI strains. 
Mean ± SEM (n= 6-14 mice/group); b = different from B6, h = different from C3H (p <0.01). 

Strain Body Weight Length Femur BMD Vertebral BMD 
(g) (mm) (mg/mm3) (mg/mm3) 

Progenitors 
B6 28.2±0.9 16.9±0.2 0.459±0.009h 0.228±0.007h 
C3H 31.9±3.9 16.6±0.1 0.680±0.010b 0.240±0.007b 

BXH RI strains 
-3 25.6±1.0h,h 16.0±0.1b,h 0.511±0.013b,h 0.189±0.008b,h 
-4 31.4±1.3b 17.2±0.1h 0.601±0.006b,h 0.246±0.008 
-6 25.7±1.3b,h 16.0±0.1b,h 0.602±0.012b,h 0.220±0.006 
-7 26.9±2.3 15.9±0.1b,h 0.524±0.012b,h 0.200±0.009b,h 
-8 24.3±1.3b,h 16.1±0.1b,h 0.548±0.016b,h 0.213±0.007b,h 
-9 31.9+1.9 16.4±0.1b 0.585±0.007b,h 0.229±0.006 
-10 26.6±0.7h 15.1±0.1b,h 0.551±0.004b,h 0.188±0.004b,h 
-11 24.5±1.8b,h 16.4±0.1h 0.522±0.008b,h 0.189±0.005b,h 
-12 28.9±2.5 16.0±0.1h 0.594±0.008b,h 0.226±0.007 
-14 27.4±1.5h 16.5±0.1h 0.613±0.013b,h 0.279±0.010b,h 
-19 21.7±0.4b,h 16.2±0.1b,h 0.604±0.008b,h 0.256±0.010B 

The traits of femoral and vertebral BMD are demonstrably inherited among the BXH RI strains, 
with each bone displaying different inheritance patterns. However, genetic linkage analysis with these 
BXH RI strain data was not pursued. Clearly, these phenotypes did not segregate in the BXH RI 
strains as either B6-like or C3H-like, but rather as complex traits with numerous genetic determinants. 
With respect to femoral BMD, failure to identify a BXH RI strain with a C3H-like femur density meant 
that there were not enough RI strains for the unique combination of genetic alleles for C3H-like BMD 
to be reassembled in a single 'new' strain. Assigning RI strains to phenotypic classes necessarily 
would be based on subjective (e.g., intermediate high; extremely low) rather than objective criteria 
(strain mean BMD). In essence, this limited set of 12 RI strains is not optimum for such a polygenic 
trait. This point is reinforced by the data presented above for the B6C3H-F2 progeny indicating that 9 
to 11 QTLs support the femoral BMD difference between B6 and C3H mice. 

However, there are two BXH RI strains that allow us to reduce the size of the Chr 1 QTL region 
(Figure 4 below). The net effect of QTLs on Chr 1,4, 6, and 18 on femoral BMD was examined for 
BXH-3 and BXH-19 strains. These strains were chosen because BXH-3 has the lower part of Chr 1 
QTL region homozygous for C3H whereas BXH-19 has the upper part of Chr 1 QTL region 
homozygous for C3H. Published Strain Distribution Pattern (SDP) data for polymorphic loci were 
used to define whether C3H or B6 genes were predominant in the QTL regions on Chr 1,4,6, and 
18. The stick diagrams below show that BXH-3 and BXH-19 both have similar SDPs on Chr 6 and 
on Chr 18, whereas BXH-3 differs from BXH-19 by the absence of C3H genes in the critical region 
of the Chr 4 BMD QTL. Although it is tempting to suggest that the femur BMD of BXH-3 
(0.511±0.013) is lower than in BXH-19 (0.604±0.008) because of the differences in alleles at Chr 1 
QTL, the difference is better explained by the presence of C3H alleles in the Chr 4 QTL region. If the 
bone regulatory gene resides in the distal part of the Chr 1 QTL in BXH-3, then addition of these 4 
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QTL effects (7% + 0% + 0% + 3.1% = 10.1%) should, and does, approximate the 11.3% difference 
between BXH-3 and B6 (see Table 4 above). In contrast, if the bone regulatory gene is in the proximal 
region of the Chr 1 QTL in BXH-19, then addition of these 4 QTL effects (7% + 8.9% + 0% + 3.1% 
= 19%) should, but does not, approximate the 31.6% difference between BXH-19 and B6 (see Table 
4 above). Thus, comparison of BMDs between BXH-3 and BXH-19 predicts that the bone regulatory 
gene in Chr 1 QTL region is in the distal part bounded by markers DlMit217or416 (63.1 cM) and 
D1MU14 (81.6 cM). The BXH RI strain data has allowed us to reduce the size of the Chr 1 QTL 
region from 40 to 20 cM. The distal location of the Chr 1 QTL was predicted by the original B6C3H- 
F2 study (distal marker had greatest LOD score) and confirmed by the BXH-19 data. Unfortunately, 
there are no BXH RI strains suitable for similar analyses of the QTL regions on Chr 4,6, or 18. 

Figure 4. The B6.C3H-1 congenic region (all C3H alleles) compared with the regions of Chrs-1, -4, 
-6, and -18 in BXH-3 and BXH-19 strains and their strain distribution patterns of C3H genes in the 
regions with BMD QTLs. 
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Experiment 4: Congenic strains. Recombinant Congenic strains were originally proposed for 
testing putative QTLs associated with BMD identified in F2 analyses, assuming that small sets of 
QTLs might be required to detect differences in BMD. A simpler, less complex alternative is that of 
congenic strains, each of which carries a single chromosomal region-containing a density regulatory 
locus donated from another strain. We have chosen the latter approach to isolate QTLs and to define 
their biological contributions. 

Preliminary femoral genetic analyses were utilized for choosing chromosomes with BMD QTLs 
suitable for congenic strain development. The congenic strains were developed: a) to prove that BMD 
QTLs contained biologically active genes, b) to determine if predictions from B6C3H-F2 data for 
relationships between statistical LOD scores and biological effects, direction of allele effects, and 
modes of action would be born out in phenotypic data, and c) for fine mapping of each BMD QTL. 
Congenic strains were made by crossing either CAST (Chr 1, 3, 5,13, & 14) or C3H (Chr 1,4, 6, 
11,13, & 18) QTL regions into the B6 strain with 6 cycles of backcrossing (N6F1). The choice of B6 
as the recipient background was based upon ensuring comparability of data from both B6.CAST and 
B6.C3H congenic strains, and initial uncertainty about whether a strain could have a lower BMD than 
B6 and remain healthy and viable. CAST or C3H donor chromosomal segments were followed by 
flanking polymorphic SSLP markers during the backcrossing procedure. Then (N6F1 x N6F1) 
matings produced N6F2 littermate mice that were genotyped to identify homozygotes for: a) CAST 
(ca/ca) or B6 (b6/b6), and b) C3H (c3/c3) or B6 (b6/b6) in the donated chromosomal segments. 
Heterozygous progeny were not retained for testing. At 4 months of age, F2 mice were necropsied for 
tissue and bone specimens. Results for femoral BMD are in Table 5A and B on the next page. 
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Table 5A. Femur data for female B6.CAST congenic strains (n = 11-18/ group); a = 'p' < 0.05 

Congenic 
strain 

Alleles 
present 

Body wt 
(g) 

Length 
(mm) 

Total density 
(mg/mm3) 

% diff. 
inBMD 

B6.CAST-1 ca/ca 
b6/b6 

20.7±0.5 
21.8±0.8 

15.5±0.1 
15.4±0.2 

0.536±0.007a 

0.496+0.006 
8.1% 

B6.CAST-3 ca/ca 
b6/b6 

21.1±0.2 
20.8±0.5 

15.2+0.1 
15.3+0.1 

0.508±0.005a 

0.494±0.003 
2.8% 

B6.CAST-5 ca/ca 
b6/b6 

21.9±0.6 
21.9±0.4 

15.4±0.2 
15.4±0.1 

0.455±0.006a 

0.478±0.004 
-4.8% 

B6.CAST-13 ca/ca 
b6/b6 

21.4±0.5 
20.8±0.5 

16.0±0.1a 

15.4±0.1 
0.506±0.008a 

0.489±0.004 
3.3% 

B6.CAST-14 ca/ca 
b6/b6 

19.7±0.3a 

21.1±0.4 
15.7±0.1 
15.7±0.1 

0.513±0.005a 

0.486±0.006 
5.6% 

We found significant alterations in femoral BMD in each of the B6.CAST congenic strains. CAST 
alleles were dominant to B6 for Chr 1,3,13, and 14, increasing BMD by 2.8 to 8.1%. On the other 
hand, B6 alleles were dominant to CAST for Chr 5, increasing BMD; a result predicted from the F2 
analyses (see Fig 1 above). The B6.CAST-3 congenic is valuable because the femoral QTL on Chr 3 
did not achieve statistical significance by strict criteria. Nevertheless, the congenic BMD argues for a 
real gene on Chr 3 that increases femoral density when CAST alleles are present. Body weights were 
constant and B6-like, except for a small decline in B6.CAST-14. A small increase in femur length of 
B6.CAST-13 mice occurred when ca/ca alleles were present. Interestingly, vertebral BMD means were 
not different for B6 and CAST mice at either 4 or 12 months of age. Vertebral data for the B6.CAST 
congenics have not yet been acquired. It is unknown whether any of the QTLs for femoral BMD 
discovered in the B6CAST-F2 analyses will also affect vertebral BMD values. 

Table 5B. B6.C3H female congenic data at 4 months of age (n = 10-16 per group); * ='p' < 0.01 

Congenic     Alleles    Bodywt      Length 
strain        present       (g) (mm) 

Femoral BMD    % diff.      Vertebral % diff. 
(mg/mm3)        inBMD       BMD inBMD 

B6.C3H-1 c3/c3 23.2+0.7* 15.3±0.2 0.507±0.007* 7.0% 0.245±0.006 7.5% 

b6/b6 20.3±0.9 14.8±0.2 0.474+0.005 0.228±0.008 (p = .077) 

B6.C3H-4T c3/c3 21.8±0.5 15.8+0.1* 0.527±0.012* 8.9% 0.251±0.004* 7.5% 

b6/b6 22.2±0.7 15.4±0.1 0.484±0.004 0.236+0.005 (p = .012) 

B6.C3H-4A c3/c3 21.6±0.3 15.6+0.1 0.513±0.004* 2.4% 0.253+0.003* 8.6% 

b6/b6 22.7±0.6 15.6+0.1 0.501+0.005 0.233±0.005 (p = .001) 

B6.C3H-6 3/c3 19.9±0.4* 14.8+0.1 0.470±0.005* -3.4% 0.212±0.004* -6.1% 

b6/b6 22.8±0.8 15.3±0.1 0.486±0.006 0.227±0.004 (p = .009) 

B6.C3H-13 c3/c3 21.9±0.9 15.3+0.1* 0.505+0.005* 4.1% 0.237+0.005 4.9% 

b6/b6 22.0±0.6 15.6+0.1 0.485±0.004 0.226±0.006 (p = .182) 

B6.C3H-18 c3/c3 22.8±0.7* 15.5±0.2 0.505±0.006* 3.1% 0.249±0.008 5.5% 

b6/b6 20.6±0.7 15.2±0.2 0.490±0.005 0.236±0.004 (P = -147) 

Significant alterations in femoral BMD were found when C3H alleles for QTLs were transferred 
into the B6 background. C3H alleles for Chr 1,4T, 4A, 13, and 18 QTLs increased BMD in the B6 
background. On the other hand, the C3H alleles for the QTL on Chr 6 significantly reduced femoral 
BMD. This result was also predicted from the main effects analyses in the B6C3H-F2 progeny 
(Figure 3 above). The percent changes in femoral BMD ranged from 2.4 to 8.9% and were similar 
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to those observed for the B6.CAST congenics. With respect to vertebral BMD, we found that C3H 
alleles for the QTLs on Chrs 4 (T and A) increased L5 BMD, whereas chr 6 significantly decreased 
densities. C3H alleles in Chr 1 nearly achieved significance, whereas Chr 13 and 18 did not. Again, 
the variation in vertebral BMD among b6/b6 littermate groups was not significant by ANOVA test. 

We noted that the mean femoral BMD values of the b6/b6 littermates in each of the 11 congenic 
strain sets varied from 0.474 to 0.501 mg/mm^; ANOVA did not reveal a significant 'treatment' effect. 
From archival data on 12 sets of B6 female femurs, 4-5 months old, the grand mean±SEM was 
0.485±0.004 mg/mm3 (min. value = 0.476, max. value = 0.505). It is possible that the variation in 
control groups may be due to residual modifier loci linked to the transferred QTLs, modifying genes in 
the B6 background, gene-environmental interactions, or multiple gene interactions for which adequate 
statistical tools are lacking. Likewise, we are cognizant of experimental error that may be induced by 
machine variation, operator actions, etc. Nevertheless, we believe that the variation in BMD of the 
b6/b6 genotype littermates noted among the congenics is most likely a sampling issue, and that 
littermate controls accurately reveal QTL effects. 

The two sets of F2 mice show femoral BMD QTLs on Chrs 1,4,13, and 14, raising the question, 
"Are these the same genes?" Although we do not yet have definitive data to answer this question, the 
BMD QTL 1 regions do not overlap and thus represent separate loci. On the other hand, the QTL 
regions for Chrs 4,13, and 14 do overlap sufficiently such that B6, CAST, and C3H could have 
unique alleles at each of these bone regulatory loci. In this application, we will concentrate resources 
and efforts on the B6.C3H congenic strains as the most judicious choice to capitalize on preliminary 
data and publications. 

In summary, our genetic analyses have demonstrated: 1) BMD is a poly genie trait with a 
substantial number of genes supporting this bone parameter; 2) many of the individual QTLs are 
sufficiently strong, biologically, to change density if introduced one at a time into a suitable genetic 
background; 3) alleles may be additive or dominant recessive in actions; 4) the adult peak bone density 
in a given strain is the net result of QTLs with both positive and negative effects on BMD; 5) there 
appear to be QTLs acting on multiple bone sites, as well as QTLs with site specific effects; and 6) the 
congenics are going to be powerful tools for biological investigation of bone as well as fine mapping 
and candidate gene testing. 

Specific Aim B. To identify the bone modeling mechanisms that characterize the skeletal phenotypes 
of C57BL/6J and C3H/HeJ mice. The goal of the following studies was to determine what biochemical 
mechanisms contribute to the BMD differences between B6 and C3H during development. 

DEVELOPMENT OF BMD DIFFERENCE BETWEEN B6 AND C3H MICE 
We previously established that the acquisition of peak bone density typically occurs by 4 months 

of age across many inbred strains of mice, and capitalized upon that feature for the genetic studies 
outlined above. Two studies were undertaken to define the development of adult bone: a) initially, 
between 4 and 26 weeks of age, b) then, from 1 to 8 weeks of age to conduct more detailed 
examination of changes associated with puberty. 

• Development of adult BMD. Fundamental measurements of bone size and formation rates were 
gathered at 4, 8,12,16 and 26 weeks of age via histomorphometry on dual tetracycline labeled, 
undecalcified sections from tibias and femurs harvested from both B6 and C3H females. We found 
that at all ages: a) C3H had a greater bone formation rates at the periosteal and, especially, at endosteal 
surfaces when compared to B6, b) C3H acquired a greater cortical bone area in both tibia and femur 
sites, and c) C3H had smaller medullary cross-sectional areas (Appendix 5). The greater cortical 
bone compartment is one major reason for the increased BMD in C3H mice. These differences 
(Figure 5) were interpreted to be the consequences of genetic differences between the two strains, 
making this a suitable system for analyses of genes regulating bone formation rates. 

Figure 5 A-D Standard light and fluorescent microscopic images of mid-diaphyseal sections of 
femurs from C3H and B6 females at 2 month of age. 

These images are found in Sheng et al (Appendix 5) 
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• Development of BMP during puberty. The follow-up study then focused on differences between 
B6 and C3H strains in bone formation rates during the pubertal growth (Appendices 9,10). 
Volumetric and geometric parameters were measured at the femoral mid-diaphyses, plus biochemical 
markers of bone turnover were measured in B6 and C3H mouse serum and bone extracts at weekly 
intervals from 1-8 weeks of age by Richman et al. (2000). Morphologic parameters indicated that the 
periosteal circumference at the mid-diaphysis changed in a similar fashion and was not different 
between the two strains of mice through 8 weeks. On the other hand, the cortical thickness increased 
much faster in C3H femurs than in B6 femurs. The data further showed that C3H mice began to 
acquire bone mineral earlier and faster than the age-matched B6 mice. Serum alkaline phosphatase, 
IGF-I, and osteocalcin were found to be higher in C3H compared with B6 at most all of the ages 
examined. Bone osteocalcin levels in extracts were less clearly associated with increasing mineral in 
the two strains. These findings point to increased endosteal bone formation, but not decreased bone 
resorption, as a major contributor to the higher BMD in C3H compared with B6 mice. 

DEMONSTRATION OF ENHANCED BONE FORMATION RATES IN C3H MICE 
The outcome of our developmental studies called for more detailed analyses of biochemical 

correlates indicative of bone formation as well as investigation of stimuli that may be critical to higher 
formation rates in C3H compared with B6 mice. 

• Serum and skeletal IGF-I. An important first study into a mechanism associated with increased 
bone mass in C3H was to determine if circulating and skeletal IGF-I levels were greater than in B6. 
Rosen et al. (1997-98; 2000) (Appendices 1,2,11) demonstrated that C3H mice had significantly 
higher serum IGF-I compared with B6 from 1 through 10 months of age (i.e., at 4 month, C3H = 
525±22 and B6 = 350±15 ng/ml). Serum IGF-I levels in Fl hybrids were intermediate between C3H 
and B6, while IGF-I serum levels in small groups of F2 mice correlated with high or low BMD. 
Conditioned media from B6 and C3H neonatal calvarial cells showed low and high IGF-I levels 
respectively, as did skeletal extracts from B6 and C3H mice. Finally, serum alkaline phosphatase 
(ALP) - a good marker of bone formation - was significantly higher in C3H versus B6, and serum 
ALP levels correlated well with increasing serum IGF-I levels. Thus, evidence of increased bone 
formation in C3H is in hand, and a possible mechanism contributing to the differences in peak BMD 
could be related to synthesis of IGF-I. 

• Osteoprogenitor cells and ALP. We investigated the hypothesis that the increased BMD in C3H 
was a response to increased bone formation (Appendix 3). Accordingly, increased numbers of 
osteoprogenitor cells as well as ALP were correlated with the enhanced peak BMD in C3H vs B6 
mice. Serum ALP levels again were higher in C3H compared with B6 at 6 (118 vs 100 u/L) and 32 
(22.2 vs 17.2 U/L) weeks of age. A similar increase in ALP levels in conditioned media from C3H vs 
B6 bone organ and single cell cultures was also observed. Furthermore, increased ALP-positive CFU 
production from C3H vs B6 bone marrow stromal cell cultures was observed at 6 and 14 weeks of 
donor age. These data support the concept that enhanced bone formation is a major contributor to the 
high BMD of C3H mice. 

BONE RESORPTION DIFFERS IN B6 AND C3H MICE 
It is important to recognize that the B6 and C3H mice may reveal independent mechanisms 

resulting in their respective low or high BMDs. The genetic analyses cited above unquestionably 
supports the polygenic nature of BMD, hence multiple points of regulation. Two studies aimed at bone 
resorption functions in B6 and C3H yielded somewhat differing conclusions that need resolution. 

• Osteoclast number and activity. We examined the hypothesis that bone resorption might be 
greater in B6 than in C3H mice by TRAP staining and counts of multi-nucleated cells (Appendix 3). 
Linkhart et al. showed that osteoclast numbers on bone surfaces of the distal humerus secondary 
spongiosa was 2-fold higher in pubertal B6 than in age matched C3H mice. In addition, B6 bone 
marrow derived cells co-cultured with Swiss Webster osteoblasts consistently generated more 
osteoclasts than did C3H bone marrow cells cultured in a like fashion. Spleen cultures from B6 also 
formed more osteoclasts than spleens from C3H mice. Reciprocal co-cultures with marrow and 
calvarial osteoblast cells from B6 and C3H mice did not indicate that osteoblast source affected the 
numbers of osteoclasts formed from marrow cells. Importantly, the B6 bone marrow cells formed 2.5- 
fold more pits on dentin slices than did such cells from C3H mice. These data suggest that genes 
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affecting bone marrow osteoclast precursor population number and activity may contribute to BMD 
differences between B6 and C3H mice. 

• Osteoproteeerin fOPG) and osteoprotegerin-ligand fOPG-D. Alternatively, new data on 
osteoclastogenesis has recently come to light that may bear directly upon the difference in bone mass 
between B6 and C3H mice (Janet Rubin, et al. ASBMR Ann. Mtng. abst, Toronto 2000). The slow 
bone resorption of C3H was investigated by preparing marrow stromal cell cultures with macrophages 
removed. Remarkably, the C3H osteoblastic progenitor cells out-grew the similarly treated B6 marrow 
cells! OPG mRNA, via RNase protection assay, was significantly elevated in C3H subcultured cells 
compared with B6 subcultured cells, while OPG-L mRNA levels were not different between strains in 
the presence or absence of 1,25-Vit D3. These new data suggest that C3H osteoblasts are over- 
producing OPG protein and that this molecule could be blocking normal osteoclastogenesis and 
differentiation of C3H mice. These data are interpreted to mean that reduced bone resorption in C3H is 
likely to be one of the determinants of their high bone mass. An important question is whether the Opg 
gene or a critical regulatory factor for Opg resides in one of the QTL regions currently 'captured' 
within a B6.C3H congenic strain. Finally, the issue of whether B6 osteoclastic resorption activity is 
constituitively greater than that of C3H osteoclasts is currently under additional investigation with Dr. 
Rubin. 

STIMULI REGULATING BONE FORMATION IN B6 AND C3H MICE 
A provocative hypothesis that might account for the markedly higher peak BMD in C3H versus B6 

mice would be that the two strains differ in response to loads placed on bone. Thus, two investigations 
have focused on mechanical stimuli as a possible determinant of the marked difference in BMD of B6 
mice versus C3H. 

• Unloading of bone. The first study was undertaken to mechanically unload the tibia through 
unilateral denervation (sciatic, femoral and obturator neurectomy) of the left hind limb (Appendix 4). 
Kodama et al. surgically neurectomized or sham treated groups of mice at 8 weeks of age, then 
necropsied 4 weeks later to obtained treated and control tibial specimens for histomorphometry and 
serum for assay of biochemical markers of bone formation. No significant changes were found in 
serum alkaline phosphatase or osteocalcin levels between neurectomized and sham treated B6 or C3H 
mice. However, histomorphometry performed at the tibiofibular junction and at the proximal tibia of 
B6 bone showed decreasing length of endosteal bone forming perimeter and increased medullary 
cavity area. Such changes were also observed in the C3H bone sites but the decrease in endosteal bone 
formation was much smaller and no change in medullary area was found. These findings were 
interpreted to indicate that the B6 mice are more sensitive to endosteal bone loss in the immobilized 
bone than are C3H mice. 

• Loading of bone. The alternative approach to addressing the effect of biomechanics on BMD 
between B6 and C3H mice was to apply additional biological loading to the appendicular skeleton 
(Appendix 7). This experimental approach also was undertaken by Kodama et al. (1999) to examine 
the hypothesis that the C3H mice were less sensitive than B6 to mechanical loading. The loading 
stimuli were induced by 4 weeks of daily jumping exercise for both B6 and C3H mice. Serum levels 
of osteocalcin, ALP, and IGF-I were assayed as indices of bone formation, while biomechanical tests 
of tibial strength were measured by 3 point bending tests. The serum results showed that: a) serum 
IGF-I levels increased with jump testing only in C3H, and b) no changes in serum osteocalcin or ALP 
levels were observed in either strain. B6 mice but not C3H mice showed increased tibial strength 
(mN/g b wt) as a result of jump testing. The C3H mice did not respond to jump testing with 
histological evidence of change, whereas the B6 mice increased total bone area, periosteal perimeter, 
periosteal mineral apposition rate, and periosteal bone formation. No effects of bone resorption were 
observed in either strain. These data were interpreted to mean that C3H bones are insensitive to 
mechanical loading stimuli compared with the bone of B6 mice. 

• Calcium challenge. The hypothesis that calcium metabolism has a role in determining the 
difference in BMD between B6 and C3H was investigated using a regimen of dietary depletion and 
repletion lasting two weeks each phase (Appendix 9). We found in the depletion studies that: a) 
femur dry weight declined and serum ALP and PTH levels increased similarly in both strains, b) that 
tibial marrow cavity increased in both strains, c) endosteal bone formation declined in both strains, but 
no changes were seen in the periosteal formation, and d) marrow osteoclast progenitor cells decreased 
in number in both B6 and C3H mice (2000). Repletion of dietary calcium corrected all changes. These 
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data indicate that the higher BMD of C3H versus B6 mice is independent of low calcium as a 
resorptive stimuli. 

BONE PROPERTIES:   MASS, MICROSTRUCTURE, STRENGTH 
Correlation of heritable variation in BMD, morphology, and strength. In addition to BMD, 

properties of morphology and quality are classic components of bone strength. We addressed the 
hypothesis that genetic differences in bone mass of B6 and C3H would also be reflected in differences 
in bone microstructure and biomechanical parameters at clinically important sites (Appendix 8). 
Accordingly, Turner et al. (2000) examined the femur neck and lumbar vertebrae by microCT (Scanco 
Medical AG, MicroCT 20), femoral strength by biomechanical testing (Vitrodyne 2000) and femoral 
cortical mineral packing density by back-scattering electron images (using a Link Tetra BSE detector) 
of bone specimens from 4 month old B6 and C3H females. Micro CT data confirmed that C3H have 
thicker cortical bone at femoral neck and lumbar vertebral bodies. Cortical mineralization by BSE was 
significantly greater in C3H than in B6 femurs. In comparison with B6, the C3H mice had fewer 
trabeculae in vertebral bodies, femoral neck, and greater trochanter. Trabecular spacing was much 
expanded in C3H vertebrae. The C3H femurs had greater resistance to bending than B6 femurs, but 
the vertebrae were not different in resistance to compression loading, presumably because the thicker 
cortex of C3H was combined with poor trabecular structure. Collectively, the results demonstrate a) 
that morphological and strength differences are also associated with the differences in BMD between 
B6 and C3H, and b) that C3H mice benefit from alleles that enhance femoral strength but are deficient 
in trabecular bone structure in the vertebrae. 

Lastly, in the year Sept 2000 to Sept 2001, a special supplement of $240,000 was awarded for the 
purpose of obtaining equipment for preparation of undecalcified sections of bone and for X-ray based 
imaging of cancellous bone at high resolution (see Appendix 19). Accordingly, we purchased a 
Polycut Model SM2500E sliding microtome (manufactured by Leica) for sectioning of undecalcified 
bone for the purpose of studying bone cell types (osteoblasts and osteoclasts) their locations on 
periosteal, endosteal, and trabecular surfaces, plus dynamic rates of bone formation and bone 
resorption using fluorochrome label incorporation methodology. In addition, we purchased a state-of- 
the-art MicroCT 40 (SCANCO AG, Switzerland) for imaging and analyses of bone at resulotion levels 
as low as 6 microns. These instruments arrived in late spring and late Summer of 2001. These 
instruments are just beginning to be put to use and are expected to provide vital biological 
measurements related to the genes for bone density, structure, and strength captured in the congenic 
strains desctibed above. Our first publications are being prepared at this time in the Fall of 2001. 

Key Accomplishments. 
• QTLs for bone mineral density located, named, and major effects described 
• QTLs unique to femurs and to vertebrae, as well as common to both bone sites described 
• Heritabilities for BMD established in both F2 crosses; found to be similar to that in humans 
• Both bone resorption and bone formation processes were found to differ in C57BL/6J and 

C3H/HeJ strains that contribute to the differences in BMD between the strains 
• New research grants have been obtained to expand studies based upon initial work support by 

this DAMD grant 
• QTLs have been transferred into individual new congenic strains of mice with the common 

genetic background of C57BL/6J. There are providing the next generation of in vivo research tools for 
biological studies of what individual QTLs are doing and for fine mapping and cloning of QTLs to 
identify (at the DNA Level) each gene, these will serve as pharmaceutical targets for osteoporosis or 
even other bone disease amelioration. 

Reportable Outcomes 
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Conclusions. 
In summary, functional comparisons of C3H vs B6 show that there are marked differences in 

both bone formation and bone resorption cell types and processes accounting for marked differences in 
BMD, again supporting the polygenic regulation of the BMD phenotype. In view of the findings that 
B6 and C3H differ with respect to BMD, key bone morphologies, and biomechanical indices of 
strength, we are pursuing collaborative studies with Drs. C. Turner, University of Indiana, and M. 
Bouxsein and R. Mueller, Beth Israel Hospital, Boston. These co-operative investigations will include 
measurements of phenotypes related to biomechanical strength and morphology of femurs and 
vertebrae from our B6.C3H congenic strains. The congenic strains of mice created by transfer of 
individual CAST or C3H QTLs into the C57BL/6J genetic background provide proof that the QTLs 
exert independent effects on bone mineral density, and in addition are being found to also regulate 
bone microarchitectural and geometric properties. Studies of these QTLs in the congenic background 
will demonstrate which genes regulate formation and resorption functions critical to production and 
maintenance of biomechanically strong or weak bones. 
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Circulating and Skeletal Insulin-like Growth Factor-I (IGF-I) 
Concentrations in Two Inbred Strains of Mice With Different 
Bone Mineral Densities 
C. J. ROSEN,' H. P. DIMA1,2 D. VEREAULT,1 L. R. DONAHUE.3 W. G. BEAMER,3 J. FARLEY,2 

S, UNKHART,2 T. LINKHART,2 S. MOHAN,2 and D. J. BAYLINK2 

1
 St- Joseph Hospital, Btmgor, ME, USA 
'J.L Pcttis VA Hospital Medical Center, Loma Linda. CA, USA 
3 Jackson Laboratory, Bar Harbor, ME, USA 

Recent work has demonstrated differences in femoral pone 
mineral density between two common inbred strains of mice, 
C3H/HiJ (C3H) and C57BL/6J (B6), across a wide age range. 
To investigate one possible mechanism that could affect 
acquisition and maintenance of bone mass in mice, we stud- 
ied circulator} ami skeletal insulin-like growth fectnr-I 
(IGF-1) and femoral none mineral density (F-BMD) by 
pQCT in C3H and B£ progenitor strains, as well as serum 
IGF-I obtained from rnatings between these two strains and 
mice bred from subsequent F, intercrosses (Fj). Serum IGF-I 
measured by radioimmunoassay was more than 35% higher 
in virgin progenitor C3H than virgin B6 at 1, 4, 8, and 10 
months of age, and in 8-month-old C3H compared with B6 
retired breeders (p < 0,001), In the progenitors, there was 
also a strong correlation between serum IGF-I and serum 
alkaline phosphatase (r = 0.51,p = 0,001). In the 4 month Ft 

females IGF-I levels and F-BMD were intermediate between 
C3H and B6 progenitors. In contrast, groups of F2 mice with 
the highest or lowest BMP also had the highest or lowest 
serum IGF-I 0» = 0,0001). IGF-I accounted for >35% of the 
variance in F-BMD among the Fz mice. Conditioned media 
from newborn C3H calvanal cultures had higher concentra- 
tions of IGF-I than media from B6 cultures, and cd) layer 
extracts from C3H calvariae exhibited greater alkaline phos- 
phatase activity than cultures from B6~ calvarial cells (p < 
0.0001). The skeletal content of IGF-I in C3H tibiae, femorae, 
and calvariae (6-14 weeks of age) was also significantly 
higher than IGF-I content in the same bones of the B6 mice 
{p < 0.05). These data suggest that a possible mechanism for 
the difference in acquisition and maintenance of bone mass 
between these two inbred strains is related to systemic and 
skeletal IGF-I synthesis. (Bone 21:217-223; 1997) 6 1997 
by Elsevier Science Die All rights reserved. 

Key Words: Insulin-like growth factors; Femoral bone density. 

Address for correspondence and rtprims: C, J, Rosen, St Joseph 
Hospital, 3<i0 Broadway. Bangor, ME 04401, E-moil:ci,o$en@rrKline. 
maine.edu 

Introduction 

Recent studies from our laboratory have demonstrated large 
differences (50%) in femoral bone density, measured by periph- 
eral quantitative computed tomography (pQCT), between C3H/ 
HeJ(C3H) and C57BL/6J(B6), two common inbred strains of 
mice.2 These strain difference« are noted as early as 4 weeks of 
age, a time during peak bone mass acquisition, and are main- 
tained through at least 12 months of age.2'10 Moreover, differ- 
ences in bone density are not limited to the femur, since C3H 
mice compared to 86 mice have consistently higher bone mass 
(both cortical and trabecular) al other skeletal sites including the 
tibia, vertebrae, and phalanges.2 Although the mechanisms re- 
sponsible for a greater bone inineral density in C3H mice have 
yet to be clearly defined, changes in bone icsarption or bone 
formation must underlie differences in the acquisition of peak 
bone mass between these two strains. Preliminary histomorpho- 
menical and biochemical evidence from our laboratory suggests 
that bone formation is increased significantly at the time of 
acquisition of peak bone mass in C3M mice (Baylink el al.. 
unpublished observation). 

Osteoblasts mediate bone formation through a series of events 
that arc regulated by hormonal and skeletal growth factors' 
Several of these regulatory factors are also operative during 
acquisition of bone mass. These include insulin-like growth 
factors (IGF-I and -IT), transforming growth factor-ß (TGF-ß), 
bone morphogenic proteins (BMP*), fihroblast growth factors, 
numerous intcticukins, tumor necrosis factor (TNF), and various 
prostaglandins.1 Several lines of evidence suggest that IGFs are 
important mitogenic and differentiative factors for bone cells. 
First, these peptides are found in very high concentrations within 
the skeletal matrix.1 Second, calciotropic hormones such as 
parathyroid hormone (PTH), 1,25-dihydroxyvitamin D, and 
growth hormone may mediate their effects on osteoblasts in part 
by regulating the synthesis of IGFs ami/or their binding pro- 
teins.1419 Third, studies of growth hormone-deficient patients 
have found that serum IGF-I concentrations closely correlate 
with reduced bone density, and that growth hormone replacement 
increases both serum IGF-I and bone mineral density.4'13 Fourth, 
age-associated declines in circulating IGF-1 parallel similar drops 
in skeletal levels of IGF-I.*-'7 Fifth, several cross-sectional 
studies hin* demonstrated a strong linear relationship between 
serum IGF-1 and bone mineral density in postroenopausal wom- 
en.5, te These points suggest that IGF-I may play an important 

© 1997 hy Bücvicf science inc. 
Alt righto reserved. 
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Materials and Methods 

Animals 

2? T° ^bred Tim 0f "** used «»■ «W» *™y were raised 
and housed at the Jackson Laboratory and in the AnimaT^ 

Sü ^^ICS had ^ approved * *» «"mal reseaS coniniittö. of die institutions where ,hey Were conducted*? 
males ages 1-12 months) from the C3H „d 86 stSwem 

(S: JSE of three or four in polyo^bonl™ 
l1*? ) °" bcddm« of stenliwd white pine shavinas under 
^rfM^Wytta- and fa amÄpot 
wre of 20 ± 2°C. Water (acidified with HCl. DH 2 S-i 5^ -,«7,« 
autodaved pelleted die. (National bp^$ ££*"£? 

nT^r^^ Madison, WI) were available ad £ 
turn. Bghi-mowh-old mice were obtained from the Jackson 
Laboratory's An *ai Resources as retired breeder!" TsS 
months of age and placed o« the above diet until necropSy «8 

oTÄ %S^ fema,eS "" "^,0 O« ™^»<K> 
X F 17 )F» Pr0gCny WCre SCt 3Side fW dat* «IfcrttoUP, X F, matmp were established to produce F, female progeny for 
serum and bone mineral density analyses «4 monthsXgc 

At the specified age«, groups of norrfasted mice (up to six) 
f«fP'tfted and trunk Mood was collected on £ BlS 

was Clo^d for 4 h at 4°C, tt.cn separated and *£&%$ 

rivi I!,'     J" Stüdy- A partlal can:ass Preparation was de- 
rived from each mouse and preserved In 95% ethanol Subsc- 

Ä?°" ^ S,0R,gC °f "»"* ** «3Ä 
F-BAfD 

S^^Tf56^ by P^01" with * Statte XCT 960M 
fNorfand Medical Systems, Ft. Atkinson. WT) specifically mod- 
«fied for use on small bone specimens to meiu« ionfmS 
and volume.* Isolated femurs were scanned at 2 ™ hTS 
over ^ enrire „^ and {he un.t 5,^J2 
mineral was measured was set at 0.1 mm3. F-BMD fwWch 
«presents almost exclusively cortical bone) at L mSpS of 
die femur measured eight times reveals a precision enwrfl 2« 

005 mmmaChiDe- Thß rCSOlUti0n °f det^0n of thTmac ineS 

Preparation of Serum Samples 

Whole-blood samples from individual nonfasting female mrw„ 
itor B6 and C3H mice ates 1 4 8 „„d vn T™,£ ?  ?en" 
«described above (BÄSnÄ 

Fj fenuüe mice (age 4 months) had whole-blood samol™ oh 
tamed. For assay characterization 30 «ttTiSÄ 
sample, from retired breeders (£? ££ JÄS 
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C3H progemtor mice and three female B6 ProSo™> SS 
pools of each strain were allocated and fCrn T^» Z!• T 
=es of each pool were analyS Lde^SÄ 2fS 

STJSTE5 ^rr1 c^f^Äv!hcr^,Sot g^es noted below. Samples were stored at -15"C wior to 
Jawing, and ^ were ^^ 1^^,;^^^ 
defrost. However, to assess whether repetitive, *S£t rf 

SS? ^Mn
n?UtCd ,0 Varimce ta ** ™dioimi^S4f 

ITcÜrit^   «WP'tation (AEC) followed by RIA 

/Of-/ AM ^r Ä^w; oflOF Binding Proteins (IGFBPs) 

ment of serum JGF-1 by RIA m mouse sera. Each method has hJn 
««d previously Ü. assays of mouse sera, aS^Sf^J^^ 
£WD tfc two reiajem »he method of removing aSTSort 

£lerc^C!d^^K^^to^Pro^^W öner ct a|. and Orogean et al." One volume of lot) 11L of ^ZZ 

yienc («DPE) RIA tube. Knur hundred microtitcrc or»rirt^™,i 

2£mV* ™rc^"$ VWteXed ^ ** '»»*>»* for 3ot£ 
SnS^fSfS™- ^ ^P16 ™ «hco cenuifiiged tor 35 minU 
Sl?^ ^"«"^ ^ microliters of supcTOtan^wS 
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aS'C^T118 "T* T V0rtexed' •«• *■»*»* for « min 

4X. One hundred imcrohters of supernatant was taken fromlhi, 

stored for 1-7 days at 4°C before analysis by RIA All APT 

mi A™ p?ed m0U3C s»™1 «"W*1 from 95% to 
i«^ ^yS WCTE pcrfom,ed m «M«ft«» using a polvctonS anblwly ami, commerciaüy available RIA kit JSJj 

mis assay is <]%. The interassay coeffident of variation was 5 7«,- 
the inü^assay coefficient of variation (CV) was 3.2?^ te 
Jon limit wkb duS method in mouse serum fc K ÄfS 

njLfTd meth?d ,far ■*ntt|i* 1GF-I from its bindinj» 
protons has recently been reported usinjr a biosDin crJnmr 

fS m? ^"I0 <w,,0Rad'Hercuks' ^ *" M°™ü » hydratf in 150 mL. 1 mol/L acetic add containing 0.1 mol/L NaO fi» Z 
absence or presence of 10 ,7L br^SSiT-^rSÄ 

flTrtS 
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he empty biospin co.umns to a packef JZ bed C£ 
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column extraction using rhIGF-I (Ciba Gdgy, NJ) as a tracer and 
standard, and rabbit polyclonal antiserum as previously de- 
scribed.1* The sensitivity of this assay was 2-5 ng/mL, The 
cross-reactivity of IGF-Ü in the IGF-I RIA was <0.5%. Intra- 
and intcrassay coefficients of variation were <10%. Serum IGF-I 
by RIA in the same samples using different extraction methods 
correlated closely (r = 0.80, p < O.O01). 

ICF-l Concentrations in Skeletal Samples 

Mouse calvariae were demiüeralized, extracted with guanidine- 
HCI, and dialyzcd using Spcctrapor 3 with a method adopted 
from a previous protocol.16 For extraction of IGF-I from cortical 
bone, tibiae were separated from femur and fibula, and muscle 
was carefully removed from the bones. Bones were cut and 
washed for 24 h in 1 mL of a protease inhibitor containing 5 
mmol/L benzamidine HC1,100 mmol/L of e-amino caproic acid, 
and 1 mmol/L phenylmcthyl-sultonyl fluoride. After removal 
from the protease inhibitor, bones were allowed to dry at room 
temperature, and dry weights of bones were determined. Indi- 
vidual bones then were transferred to prccoated polypropylene 
tubes, and I mL of extraction buffer containing 0.5 mmol/L 
ethylenediaminetetraacetic acid and 4 mmol/L guanidinc HC1 in 
protease inhibitor solution was added to each of the bones. Bones 
were extracted for 24 h at 4DC with constant shaking. The extraction 
procedure was repeated four times for each bone, and the extracts 
were combined and stored at 4°C The pooled extracts men were 
desalted by dialysis (Spectra/Por 3 Tubing; Spectrum Medical 
Industries, Houston, TX) against 20 mmol/L acetic acid (HAQ at 
4°C, To »void binding of growth factors to the dialysis membranes, 
these were soaked in BSA prior to use. Each diaryzed extract was 
transferred to a precoated polypropylene tube and concentrated by 
vacuum cenbifugation. Pellets were reconstituted in 150 uL of 1 
mmol/L HAC and kept frozen at -20"C until separation of IGF 
from binding proteins by BSPC. 

To determine whether differences in serum or skeletal IGF-I 
might be related to IGF-I production by bone cells, mouse 
calvarial cells were prepared from calvaria of newborns of each 

strain and cultured for 48 h in six-placc-well dishes containing 2 
mL/well of serum-free Dulbeceo's modified Eagle's medium. 
IGF-I was measured by RIA in the cell-conditioned medium after 
BSPC separation from IGFBPs, Replicate cultures (n = 6/strain) 
were used, and the results are expressed as mean ± standard 
errors of the mean (SEM). 

Alkaline Phospluxtase (ALP) Activity in Cell Extracts 
and Serum 

Alkaline phosphatase-specific activity was measured by a calc- 
rimetric assay in Triton XlOO extracts of cells prepared as 
described previously * Results arc reported as milliunits of ALP 
per milBgrara of protein. Extract protein concentration was 
determined by the Bradford assay using a commercial kit (Bio- 
Rad, Richmond, CA). Total serum ALP was measured in pooled 
serum from the 8-month-old retired breeders with the same assay 
used for ealvurial cultures with the exception that 10 mmol of 
phenylalonine was added to the reaction. Results in serum were 
reported in units per liter. 

Statistical Methodology 

All results are reported as mean ± SEM, Strain differences for 
IGF-I and ALP in serum (pooled and individual samples) and in 
culture media were analyzed by a Student's /-test for unpaired 
samples. Differences across ages and strains for serum IGF-I 
were analyzed by two-way analysis of variance (ANOVA), while 
strain differences in skeletal IGF-I were analyzed by a nonpara- 
metric sign test Regressions for IGF-I vs. ALP activity were 
reported as Pearson correlations. Differences were considered 
significant if p < 0.05. 

Results 

Data from seven groups of female C3H and B6 mice ages 1, 4, 
and 10 months are presented in Figure 1. There were significant 
strain differences (p < 0.001) for scrum IGF-I in mice across all 
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figure). Female C3H/HeJ(C3H) and C57BL/6J(B6) mice ages 1,4, and 10 months bad serum levels of IGF-I measured by RIA following acid-ethano! 
CfyoprecipitaliOn to remove IGFBPs. Two-montb-old female B6 were also included. Samples were obtained from nonfasting animal« on a standard diet 
thut were decupituied; lumplcs were frozen immediately «fter being spun, All measurements were performed in a single run using a polyclonal antibody 
to IGF-I after extraction to assure minimal assay variation. The differences between strains In IGF-I were statistically significant for each age group 
at p< 0.001 (by two-way ANOVA [strain and age]). IGF-1 did not differ by age of the animal within a particular strum (by ANOVA). Seventy-seven 
samples were ns&uyed. 
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Figure 2. Individual samples (n = 1.1) from 8-month-old retired breeders of each strain were assayed for 1GF-1 after arid-eihanol cryoprccipitation to 
separate IGFBPs from IGF-I. As noted, there was minimal overlap in 1GF-1 concentrations between the two strains. 

age groups. Furthermore, pooled or individual scrum samples 
from 8-month-old retired breeders assayed for IGF-I either after 
extraction with ABC (n = IS) or after BSPC (n = 19) revealed 
minimal interstrain overlap (figure 2). Samples from seven C3H 
and seven B6 retired breeders were also analyzed individually 
after extraction with ABC. Table 1 summarizes differences 
between C3H and B6 retired brecdere for (a) IGF-I in both 
pooled and individual samples, (b) ALP activity in individual 
serum samples, and (c) F-BMD. It is worth noting that actual 
vulues tor F-BMD in these 8-mondi-old B6 and OH females «re 
virtually die same as those in our previous report on 12-month- 
old mice.' Moreover, (he magnitude of differences in F-BMD 
between these »trains corresponds to the degree of interstrain 
differences in circulating and skeletal IGF-I. 

For B6C3F, progeny (n = 19), serum IGF-1 was intermediate 
between the two progenitors: 522 ± 48 and 490 ± 40 ng/mL for 
8- and 12-month-old mice, respectively. There was a direct 
correlation between scrum IGF-I and F-BMD in the F| mice (r = 
0.65, p = 0.007). Two sets of data from F2 mice are presented in 
Table 2. fa set 1 high and low F-BMD were tested, whereas in 
set 2 scrum from three groups of 4-month-old female mice 
representing low, intermediate, and high F-BMD were assayed 
for IGF-I. Table 2 shows that F2 progeny with the highest 
F-BMD also had the highest IGF-I levels, whereas the F, 
progeny with the lowest F-BMD had low IGF-I levels in both 
sets. Combining both data sets, more than 35% of the variance in 

Table I. Strain differences in 8 month retired breeder mjve 

Strain C3H/HCJ C57BL/6J 

Body weight (g) (n = 15) 
Total femoral bone 

(tensity (n — 16) 
(mg/mm* [pQCT]) 

IGF-I (AEQ (n = 15) 
(iig/inL) 

JOF-I pooled (BSPC) 
(n = 19) (ng/mL) 

Alkaline phouphotasc 
activity (U/L) (n = 19) 

30.3 1 0.9 
0.699 Z 0.009 

609.3 ± 16.0 

708.5 £ 20.5 

22.0 ± 0 J 

32.6 + 0.9 
0.443 ± 0.004* 

455 i 14.0* 

457 ± 15t 

17.2 ± 0.8t 

'p < 0.001 vs. C3H/HeJ. 
tp < 0.0001 vs. C3H/H&I. 

F-BMD for F2 mice could be attributed to serum IGF-I (Figure 
3). 

To determine whether strain-dependent differences in serum 
IGF-I were associated with corresponding differences m skeletal 
levels of IGF-L we measured the content of IGF-I in nine paired 
groups of bones (i.e., calvariae, tibiae, and femorae) obtained 
from groups of age- and sex-matched C3H and B6 mice (n - 
S-10/group) between the ages of 6 and 14 weeks. IGF-I was 
measured in extracts of individual bones, expressed as nano- 
gnuns of IGF-I per milligram of dry weight of bone, and 
analyzed for differences between the two strains. Of the nine 
groups of matched bone extracts, eight showed higher levels of 
IGF-I in bones obtained from OH compared to B6 mice, and the 
ninth group showed no difference. Absolute values for IGF-I 
content ranged from 2,96 ± 0.54 to 10.88 ± 1.52 ng lGF-l/mg 
dry weight of bone. There were no within-strain or site- or 
sex-specific differences in the IGF-I content of the bones; how- 
ever, the mean difference in skeletal IGF-I between the C3H and 
B6 strains was +32% (p < 0,05 by nonparametric sign test). The 
magnitude of this difference was very similar to the strain 
differences in serum IGF-I for the pooled samples (+34%, p < 
0.0001) and the individual sera obtained from 8-month-old ani- 
mals (+26%, p < 0.001). 

As noted in Table 1, there were also significant differences in 

Table 2. Serum IGF-I and femoral bone density (F-BMD) in 51 F-j mice 

Data set 
F-BMD 

(mg/cm3) 
IGF-I 

(ng/mL) 

F2 low density 
Fj high density 

Fj low density 
f>i intermediate density 
F; high dennty 

12 
14 

0.529 ± 0,004* 
0,613 ±0,011 

11 0.523 ±0.006:]: 
12 0.586 ± 0.0088. 
12        0.653 ±0.009 

385 ± 21t 
510 ± 20 

352 ± 39$ 
437 ± 199 
479 ± 23 

Neither inusmediatE F-BMD nor IGF-I was different tram the high 
F-BMD group. 
V < 0.0002 vs. high density for F-BMD. 
t/> < 0.0001 VS. high density for FGF-1. 
tp < 0.0001 vs. high density for both F-BMD and IGF-I. 
ftp < 0.03 v*. low density for both F-BMD and IGF-I. 
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^l^t ThrEC fWlpS °f 4;mon^-°u F* £"">'« ™ce representing low. intermediate, and high F-BMD were measured for IGF-I in one assay (set 
2). There was a strong concJatwn between IGF-I and F-BMD for both nets of samples f> = O,«0. f= = 0.36, p < 0.001). 

serum ALP activity between die two strains. Serum levels of 
ALP activity showed positive correlations with serum IGF-I 
levels (r = 0.51, p = 0.001) (Figure 3). To assess whether a 
similar pattern of differences in skeletal IGF-I and ALP existed 
in bone cells derived from C3H and B6 mice, conditioned media 
and cell layer extracts from newborn calvarial cells were assayed 
for both IGF-I and ALP, respectively. C3H calvarial cultures 
yielded consistently higher levels of IGF-I in the conditioned 
medium than B6 cultures (0.695 ± 0.03 ng/mL vs. 0.512 ± 0.02 
ng/mL; p = 0.0001). This pattern also held for ALP activity 
measured in cell layer extracts (C3H = 0.058 ± 0.004 vs. B6 = 
0.011 ± 0.001 mU/mg protein; p = 0.0001). 

Discussion 

In this study, we have demonstrated large differences in serum 
IGF-I between C3H and B6 inbred strains of mice across a wide 
age range. In addition, we have provided evidence that both the 
skeletal content of IGF-I and in vitro bone cell production of 
IGF-I differ between the two inbred strains. Because difference,? 
in IGF-I concentrations in cell culture and in serum for these two 
strains were proportional to differences in ALP activity, our data 
suggest that strain differences in osteoblast number and/or activ- 
ity may be associated with variation in bone mineral density. 
Finally, data from B6C3F, progeny and subsequent Fa progeny 

1000 T 

"*»»> Total «ram alkaline phosphtfase aajWty was mea!iUred in C3H and B6 8-monlh-old retired breeders on the same poo! of serum uxed to 
SoT - SKI).       0™,eemr'llions afl*r ^ ""^o"' T""» W8S a sto"8 '*<** correlation \MnJl!!^^l^^^i!^^ = 
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support the hypothesis that IGF-I is genetically associated with 
cortical BMD in the femur. Nevertheless, definitive evidence 
supportiv« of a causal relationship between serum IGF-I and 
skeletal bone density will have to await more extensive func- 
tional studies using the B6 and C3H progenitor strains. 

Notwithstanding future studies, several lines of evidence 
currently provide support for the thesis that IGF-I may play a 
significant role in the regulation of bone density. First, IGF-I has 
been considered an important skeletal growth factor that acts as 
a weak, mitogen but an inducer of osteoblastic differentiation.11 

In mice, IGF-I is necessary for longitudinal growth, maintenance 
of lean body mass, and normal bone turnover.7'1" More impor- 
tant, IGF-I is synthesized and secreted by chrondrocytes and 
osteoblasts, which in turn are regulated by both local and sys- 
temic £actors.,'n•,4',,, Since IGF-1 is stored in large quantities 
within the skeletal matrix and has been hypothesised to be 
released during active bone resorption, this growth factor may 
serve to couple osteoblasts and osteoclasts.12 Hence, it is not 
surprising that differences in bone mass could in part be related 
to perturbations in either the skeletal or circulatory IGF system. 
Recent findings in the growth hormone-deficient mutant, the 
little mouse, which has low scrum IGF-I concentrations, small 
body size, increased total fat content, and markedly reduced 
F-BMD, further support a major role for IGF-I in the regulation 
of bone mineral density.7-'1 

Second, in recent human studies, circulating levels of IGF-I 
have been found to be associated with bone mineral density. At 
least two groups have reported low serum IGF-I levels in males 
with idiopathic osteoporosis.13-"' Other investigators have noted 
that IGF-I levels correlate closely with lumbar bone mineral 
density in postmenopausal women with and without osteoporo- 
sis 10.ts.17 A]S0 |n humans there is a significant age-associated 
decrease in serum IGF-I which parallels a decline in bone 
mineral density with age and a similar decrease in cortical bone 
content of IGF-I and TGF-ß.3-17 Since bone loss in later life is 
associated with a marked impairment in osteoblast function 
(coupled with increased bone resorption), it is possible that 
perturbations in skeletal and systemic IGF-I may play a causal 
role in senile osteoporosis. 

Studies of the IGF regulatory system in mouse strains offer 
several distinct advantages over human models. Fust, since 
circulating IGF-I in mammals is a function of several hormonal 
factors (growth hormone, testosterone, insulin, thyroxinc, estro- 
gen, and cortisol), as well as environmental determinants (nutri- 
ent intake, physical activity, and sunlight exposure), many of 
these variables can be controlled in mice. Second, an inbred 
strain represents a virtually unlimited set of genetically identical 
twins. This significantly reduces intrastrain variation for many 
phenotypes (including serum IGF-I and bone mineral density) as 
well as enhancing the likelihood of defining specific genc-gene 
interactions. Finally, a large body of literature for both B6 and 
C3H strains is available to investigators for development of 
strategies to assess mechanisms responsible for the phenotype 
under study. 

From this study alone, we cannot define the mechanisms that 
produce high scrum and cortical IGF-I levels in C3H mice. One 
obvious possibility is an alteration in growth hormone secretion 
between the two strains. In tact, two previous studies highlight 
the importance of earlier investigations which defined the hor- 
monal status of these inbred strains of mice. Sinha et al.2" 
repotted that 7-month-old C3H/St female mice had serum growth 
hormone levels 50% higher than C57BL67St females (22 ± 4 vs. 
13 ± 2 ng/mL).20 In a subsequent study, the same group reported 
an even greater difference in growth hormone levels between 
3-month-old female C3H/HeJ and similarly aged C57BL/6J mice 
(20.3 ± 2.4 vs. 8.2 ± 1.1 ng/mL).21 Those earlier studies are 

consistent with findings reported here, even though the mecha- 
nism of enhanced GH secretion (e.g., increased growth hormone 
releasing hormone secretion or decreased somatostatin produc- 
tion) in C3H mice cannot be detemuned from this study. Still, it 
is somewhat surprising to note that neither body weight nor 
length of the long bones was different between C3H and B6, 
despite differences in growth hormone and IGF-T levels. Further 
studies will be required to assess this paradox. 

In conclusion, we have shown that scrum and skeletal levels 
of IGF-I differ between two inbred strains of mice. These IGF-I 
strain differences may provide one clue as to the mechanism of 
increased bone mineral content in C3H compared to B6 mice. In 
addition, these changes imply that components of the growth 
hormone/IGF system contribute to the regulation of peak bone 
mass. Finally, these data point to the need for more studies to 
fully elucidate the pathophysiological significance of alterations 
in the growth hormone/IGF regulatory system, especially with 
respect to (he adult mammalian skeleton. 
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Alkaline Phosphatase Levels and Osteoprogenitor Cell 
Numbers Suggest Bone Formation May Contribute to Peak 
Bone Density Differences Between Two Inbred Strains 
of Mice 
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Previous studies have shown that C3H/HeJ (C3H) mice have 
higher peak bone density than C57BL/6J (B6) mice, at least 
in part because of differences in rates of bone resorption. The 
current studies were intended to examine the alternative, 
additional hypothesis that the greater bone density in C3H 
mice might also be a consequence of increased bone forma- 
tion. To that end, we measured two presumptive, indirect 
indices of bone formation and osteoblast number in these 
inbred strains of mice: alkaline phosphatase (ALP) activity in 
serum, bones, and bone cells; and the number of ALP- 
positive colony-forming units (CFU) in bone marrow stromal 
cell cultures. We found that C3H mice had higher serum 
levels of ALP activity than B6 mice at 6 (118 vs. 100 WL,p < 
0.03) and 32 weeks of age (22.2 vs. 17.2 U/L, p < 0.001). 
Tibiae from C3H mice also contained higher levels of ALP 
activity than tibiae from B6 mice at 6 (417 vs. 254 mU/mg 
protein, p < 0.02) and 14 weeks of age (132 vs. 79 mU/mg 
protein, p < 0.001), as did monolayer cultures of bone- 
derived cells from explants of 7.5-week-old C3H calvariae 
and femora (8.2 times more, p < 0.02, and 4.6 times more, 
p < 0.001, respectively). Monolayer cell cultures prepared by 
collagenase digestion of calvariae from newborn and 6-week- 
old mice also showed similar strain-dependent differences in 
ALP-specific activity (p < 0.001 for each). Our studies also 
showed more ALP-positive CFU in bone marrow stromal cell 
cultures from 8-week-old C3H mice, compared with B6 mice 
(72.3 vs. 26.1 ALP-positive CFU/culture dish, p < 0.001). A 
similar result was seen for ALP-positive CFU production at 
6 and 14 weeks of age, and the difference was greatest for the 
CFU that contained the greatest numbers of ALP-positive 
cells. Because skeletal ALP activity is a product of osteoblasts 
and has been shown to correlate with rates of bone forma- 
tion, and because the number of ALP-positive CFU is be- 
lieved to reflect the number of osteoprogenitor cells, the 
current data are consistent with the general hypothesis that 
bone formation may be greater in C3H than B6 mice because 

Address for correspondence and reprints: John Farley, Ph.D., c/o Re- 
search Service (151), J. L. Pettis Memorial Veterans Medical Center, 
11201 Benton Street, Loma Linda, CA 92357. 

of a difference in osteoblast number. Our data further sug- 
gest that peak bone density may be greater in C3H mice than 
B6 mice due to a combination of decreased bone resorption 
and increased bone formation. (Bone 22:211-216; 1998) 
© 1998 by Elsevier Science Inc. All rights reserved. 

Key Words: Bone density; Genetics; Mice; Alkaline phospha- 
tase; Osteoblasts. 

Introduction 

Recent studies indicate that genetics may determine up to 70% of 
peak bone density,1 ''17,18,26 which is presumed to be a polygenic 
trait. We have developed an animal model for quantitative trait 
locus (QTL) analysis1,3'4 of genes associated with peak bone 
density differences between two inbred strains of mice. Adult 
C3H/HeJ (C3H) and C57BL/6J (B6) mice are of similar size and 
body weight and have femora of similar size (i.e., by external 
dimensions), but femoral bone density is 53% greater in C3H, 
compared with B6, mice.4 To complement the QTL analysis, we 
have also planned a strategy of histomorphometric and biochem- 
ical studies to identify the mechanistic differences (i.e., in rates 
of bone formation and resorption) that result in the density 
difference between these strains of mice. Data from previous 
studies have shown that B6 femora have much larger medullary 
cavities than C3H femurs,2,4 and suggested that the rate of 
endosteal bone resorption is lower in the femora of C3H, com- 
pared with B6, mice.2 More recent in vitro studies have sup- 
ported this hypothesis: Marrow cells from B6 mice produce more 
presumptive osteoclasts than marrow cells from C3H mice.21 

Therefore, we have proposed that developmental differences 
in rates of bone resorption could account for the difference in 
peak bone density, if the rates of bone formation are equivalent. 
The current studies were intended to assess the alternative, but 
not mutually exclusive, possibility that the greater peak bone 
density in C3H mice might also be a consequence of differences 
in rates of bone formation. In other words, we sought to test the 
specific hypothesis that the rate of bone formation would be 
higher in C3H mice than in B6 mice and, as an approach to that 
end, we measured alkaline phosphatase (ALP) activity—in se- 
rum, and extracts of bone cells and bones—as a presumptive 

© 1998 by Elsevier Science Inc. 
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index of the number and/or activity of bone-forming osteo- 
blasts.7-10-12-14-20-23-24-34-36 We also measured the number of 
ALP-positive colony forming units (CFU)—in marrow stromal 
cell cultures—as a presumptive index of the number of osteo- 
blast-line progenitor cells.19.22-25-27.30 A ^„^^ anaiysjs 0f mar. 
row stromal CFU as an index of osteoprogenitor cell number was 
included as one aspect of a combined histomorphometric, den- 
sitometric, and in vitro cell cell culture study of the SAMP6 
strain of mice,16 which exhibit accelerated senescence with 
attendant osteopenia. Although SAMP6 mice are not closely 
related to either C3H or B6 mice, the aforementioned study16 is 
relevant to our investigations in three important respects: first, 
because it showed a strain-dependent difference in CFU forma- 
tion; second, because it demonstrated an association between low 
bone mineral density and decreased osteoblastogenesis; and 
finally, because it will provide a phenotypic/mechanistic corre- 
late for QTL analysis to identify the genes that determine 
senescent osteopenia in SAMP6 mice.5 The current studies are 
one aspect of our coordinate phenotypic/genotypic studies to 
identify the genes that determine peak bone density in C3H and 
B6 mice. 

Materials and Methods 

Materials 

Dulbecco's minimal essential medium (DMEM) was obtained 
from Mediatech Inc. (Herndon, VA), collagenase was from 
Boehringer-Mannheim (Indianapolis, IN), and a-MEM and tryp- 
sin-EDTA were from Gibco Life Sciences (Grand Island, NY). 
Calf serum (CS) and fetal bovine serum were from Hyclone 
(Logan, VT). p-Nitrophenylphosphate (PNPP), 1,25-dihy- 
droxyvitamin D3 [l,25-(OH)2D3], Triton X-100, Naphthol AS-TR, 
and Fast-Red Violet LB were from Sigma Chemicals (St. Louis, 
MO). Tissue culture dishes were from Corning (Corning, NY). 
Protein dye-binding reagent was purchased from Bio-Rad (Her- 
cules, CA). Sodium azide and buffers were purchased from 
Fisher Scientific (Pittsburgh, PA). 

Animals 

Inbred mice of strains C57BL/6J and C3H/HeJ were obtained 
from the Jackson Laboratory (Bar Harbor, ME). All mice used in 
these studies were female and were housed in an accredited 
facility (in the J. L. Pettis Memorial Veterans Medical Center) 
for at least 1 week before euthanasia for collection of serum 
and/or skeletal tissues. Acidified water (HC1, pH 2.8-3.2) and 
autoclaved, pelleted diet (NIH 31: 18% protein, 6% fat, 1.27% 
calcium, 0.92% phosphate, trace minerals, vitamin fortified; 
Purina, Madison, WI) were freely available. At the specified 
ages, groups of mice were killed by decapitation, using ethrane 
anesthesia. Blood samples were allowed to clot, and centrifuged 
for the preparation of serum. Sera were kept in frozen storage 
(-20°C) for subsequent assessments of skeletal ALP activity. 
For the preparation of osteoblast-lineage cell cultures, bones 
(femora and calvariae) were removed aseptically and monolayer 
cell cultures derived from either: (i) femur marrow cells; (ii) 
outgrowth from bone fragments; or (iii) incubation of bone 
fragments with collagenase. Additional bones (femora, tibiae, 
calvariae) were dissected free of adherent tissue (without remov- 
ing the periosteum) and used for extraction of ALP activity. All 
protocols were reviewed and approved by the animal studies 
subcommittee of the J. L. Pettis Memorial Veterans 
Medical Center. 

Extraction of Bones 

As in our previous studies,13-14 tibiae were freed of adherent 
tissue and the long bones were cut into two pieces (near the 
midshaft) before an overnight incubation in phosphate-buffered 
saline (PBS) containing 0.01% sodium azide, at 4°C (1.5 mlV 
bone), to remove the marrow and contaminating serum. Each 
sample was then transferred to a solution of 0.01% Triton X-100, 
containing 0.01% sodium azide in 25 mmol/L NaHC03 buffer 
(pH 7.4) for a 72 h extraction at 4°C (1.5 mL/bone). The extracts 
were then centrifuged to remove insoluble material, and ALP and 
protein concentration6 were determined in each extract. The 
extracted bones were transferred to 70% ethanol (1 mL/bone) for 
a 24 h incubation at 37°C, then dried for 18 h at 37°C for 
determination of dry weight (Cahn Microbalance, Model 7500, 
Cahn Instruments, Cerritos, CA). 

Preparation and Culture of Bone-Derived Cells 

Cells released from bone by collagenase digestion. Osteoblast- 
line cells were prepared by sequential collagenase digestion of 
calvariae dissected from newborn and 4-week-old mice. After an 
initial 15 min incubation at 37°C, with 1 mg/mL collagenase A 
in DMEM (from which the cell-containing supernatant was 
discarded), the calvariae were incubated with fresh collagenase A 
for 90 min. The cells released during this interval were collected 
by centrifugation and grown in monolayer cultures in DMEM + 
10% CS until they reached confluence. The confluent cells were 
passaged (with trypsin-EDTA) and plated in replicate cultures 
(24-place multiwell tissue-culture dishes, n = 6/strain at each 
age) in DMEM + 10% CS for 4 days [with or without 10 nmol/L 
l,25(OH)2D3], then changed to serum-free DMEM, containing 
0.1% BSA [± l,25(OH)2D3 as before] for an additional 24 h. The 
cell layers were rinsed four times with PBS and extracted with 
0.10 mL of a 0.01% solution of Triton X-100 in 25 mmol/L 
NaHC03 buffer (pH 7.5) for assessment of ALP specific activity. 

Cells derived from bone explants. Calvariae and femora were 
dissected from 7.5-week-old mice under aseptic conditions and 
rinsed in a-MEM. The calvariae were cut into pieces (about 2-3 
mm on a side) and incubated in DMEM + 10% CS in a six-place 
multiwell tissue-culture plate. Calvariae from two mice of the 
same strain were combined in each well and a total of four wells 
were prepared from each strain. The femora were used as a 
source of marrow for the preparation of osteoclast-Iineage cells21 

by removing the ends of bones and flushing the marrow from the 
midshaft with a 25 gauge needle and cold a-MEM.15-33 The 
marrowless femora were cut into fragments and incubated in 
DMEM + 10% CS in six-place multiwell tissue-culture plates. 
Fragments of femora from two mice of the same strain were 
combined in each well, as just described. The culture media was 
changed every 2-3 days. After 12 days, the bone fragments were 
removed from the cultures. After 17 days, the cell layers were 
rinsed four times with PBS (to remove CS) and extracted with 
0.25 mL of a 0.01% solution of Triton X-100 in 25 mmol/L 
NaHC03 buffer (pH 7.5) for assessment of ALP specific activity. 

Assessment of ALP-Positive Colony Forming Units From 
Marrow Cell Preparations 

Bone marrow stromal cells were obtained from femora of 6- and 
8-week-old female mice by modification of the procedure de- 
scribed previously.15-33 Femora were aseptically removed, 
placed on ice in a-MEM, and dissected free of soft tissues. The 
ends of the bones were removed and the marrow was flushed 
from the midshaft with a syringe and a 25 gauge needle using 
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cold a-MEM. Marrow cells were washed, resuspended in 
a-MEM containing 10% fetal bovine serum, 10 nmol/L dexa- 
methasone, penicillin, and streptomycin, and the number of 
nucleated cells was determined. Cells were plated at 106 nucle- 
ated cells per 6-cm-diameter culture dish. Because preliminary 
studies showed more ALP-positive CFU in marrow stromal cell 
cultures from CH3 than B6 mice, we prepared more B6 cell 
cultures (i.e., n = 6 and n = 10 dishes for B6, n = 3 for CH3). 
After 24 h, unattached cells were removed and the medium was 
replaced. The medium was changed at 3 days and 6 days and, at 
the last medium change, l,25(OH)2D3 was added at 10 nmol/L. 
On day 10 of culture the cells were stained for ALP activity, 
using Naphthol AS-TR substrate and Fast-Red Violet LB cou- 
pler.35 We counted: (a) the number of ALP-positive colonies in 
each dish; and (b) the number of ALP-positive cells in each 
colony. 

ALP Activity 

ALP activity was assessed by the time-dependent formation of 
p-nitrophenolate (which absorbs light of 405 nm in an alkaline 
solution) from PNPP. Our standard protocols used 5 u.L of serum 
or 25 (JLL of bone or cell layer extract in a total volume of 0.3 mL 
containing 10 mmol/L PNPP, 1 mmol/L MgCl2, and, for the 
serum samples, 10 mmol/L L-phenylalanine (to inhibit any cir- 
culating intestinal ALP activity), in 150 mmol/L Na2C03 buffer 
(pH 10.3) in the individual wells of a 96-place microtiter 
plate.20,36 Each sample was measured in duplicate. Reactions 
were initiated by the addition of substrate (PNPP) and the 
time-dependent increase in absorbance at 405 nm was measured 
on a microtiter plate spectrophotometer (Labinstruments, Model 
EAR400/340AT, Vienna, Austria). ALP activity was calculated 
as units per liter of serum, milliunits per milligram of protein, or 
milliunits per milligram of dry weight of bone, where 1 U is 
defined by the conversion of 1 n,mol of substrate to product per 
minute at room temperature (25°C). Protein was measured by the 
dye-binding method of Bradford,25 using a commercial prepara- 
tion of the dye reagent (Bio-Rad). 

Statistical Analyses 

Data are presented as the averages of replicate samples in each 
group (usually as mean ± SEM). Analytic methods included 
analysis of variance (ANOVA), linear regression, and Pearson 
correlation, using SYSTAT statistical software (Systat Inc., Evan- 
ston, IL). 

Results 

Consistent with previous studies,4 we found that female C3H 
mice did not differ from female B6 mice, with respect to body 
weight, at 6, 8, 14, or 32 weeks of age. These results are shown 
in Table 1. The same studies also showed that C3H mouse serum 
contained higher levels of ALP activity than B6 mouse serum, 
between the ages of 6 and 32 weeks—18% more at 6 weeks (p < 
0.003), 31% more at 8 weeks (p < 0.002), and 29% more at 32 
weeks (p < 0.001). Although previous studies have suggested 
that mouse serum ALP is primarily derived from bone,13'24 the 
serum ALP assay that-was used in the present study was not 
isoenzyme-specific (i.e., our assay would have measured both 
skeletal and hepatic ALP isoenzyme activities, if both 
were present). 

To test the hypothesis that the higher levels of serum ALP 
activity in C3H mice, compared with B6 mice, reflected higher 
levels of skeletal ALP activity in bone, we measured ALP 
activity in Triton X-100 extracts of tibiae obtained from some 

Table 1. Age- and strain-dependent differences in body weight and 
serum ALP activity 

Value of parameter in 
indicated strain 

Significance 
Age (wk) Parameter C3H B6 of difference 

6 weight 16.3 ± 0.3 16.8 ± 0.4 n.s. 
8 weight 18.5 ± 0.5 18.9 ± 0.5 n.s. 

14 weight 20.3 ± 0.3 21.8 ± 0.5 n.s. 
32 weight 30.3 ± 0.9 32.6 ± 0.9 n.s. 
6 serum ALP 117.7 ±4.0 99.8 ± 5.0 p < 0.003 
8 serum ALP 138.2 + 9.1 105.4 ± 7.5 p < 0.002 

14 serum ALP 56.1 ± 3.0 49.1 ± 3.2 n.s. 
32 serum ALP 22.2 ± 0.9 17.2 ± 0.9 p < 0.001 

Serum collected from C3H and B6 mice of the indicated ages. Group size 
ranged from 8 to 20 as follows: 20 mice of each strain at 6 weeks; 16 
C3H and 14 B6 mice at 8 weeks; 9 CH3 and 8 B6 mice at 14 weeks; and 
20 mice of each strain at 32 weeks. Body weight is shown in grams and 
ALP activity in milliunits per milliliter of mouse serum and the data are 
expressed as mean ± SEM for each group, n.s. indicates no significance 
(i.e., p > 0.05). Two-way ANOVA shows effects of both age and strain 
on serum ALP activity (p < 0.001 for each). 

(but not all) of the mice that we had used for measurements of 
serum ALP. As summarized in Table 2, the results of these 
studies showed: (a) that the dry weight of the tibiae from female 
C3H mice was greater than the dry weight of tibiae from female 
B6 mice at 8 and 14 weeks of age, but not at 6 weeks of age; and 
(b) that C3H tibial extracts contained higher levels of ALP 
activity than B6 tibial extracts, at 6, 8, and 14 weeks of age. 

An initial correlation showed that the level of (skeletal) ALP 
activity in the extracts of tibiae was proportional to the amount of 
ALP activity in serum, when the data from all of the mice were 
combined (i.e., irrespective of age and strain). This is shown in 
Figure 1. Further analysis showed that the correlation between 
serum ALP activity and tibial ALP activity (combining data from 
both strains of mice) was significant at 8 weeks (r = 0.485, p < 
0.05) and 14 weeks (r = 0.579, p < 0.02), but not at 6 weeks of 
age (r = 0.02). This is not surprising, inasmuch as tibial ALP 
decreased consistently with time in both strains (r = —0.78 and 
r = -0.81 for C3H and B6 mice, respectively, p < 0.001 for 
each), whereas serum ALP did not. Although our data revealed 

Table 2. Age-and strain-dependent differences in tibial dry weight and 
tibial ALP activity 

Value of parameter in 
indicated strain 

Significance 
Age (wk) Parameter C3H B6 of difference 

6 dry weight 26.0 ± 0.5 25.2 ± 0.7 n.s. 
8 dry weight 31.8 ±0.8 26.1 ±0.7 p < 0.02 

14 dry weight 39.4 ± 1.0 35.2 ± 0.9 p<0.0\ 
6 ALPSA 417    ± 15 254    ± 17 p < 0.02 
8 ALPSA 204    ± 14 143    ± 18 p<0.04 

14 ALPSA 132    ±11 79    ± 17 p < 0.001 

Tibiae were dissected from C3H and B6 mice at the indicated ages. 
Group size ranged from 8 to 10 as follows: 8 mice of each strain at 6 
weeks and 8 weeks; 10 C3H and 9 B6 mice at 14 weeks. Tibiae were 
extracted with Triton X-100 (as described in Materials and Methods) for 
measurement of ALP activity and protein and then dried for determina- 
tion of weight. Tibial dry weight is shown in grams and ALP specific 
activity (SA) in milliunits per milligram of protein. All data are expressed 
as mean ± SEM. n.s. indicates no significant difference. Two-way 
ANOVA shows effects of both age and strain on tibial ALP specific 
activity {p < 0.001 for each). 



214 H. P. Dimai et al. 
Skeletal ALP differences between two inbred strains of mice 

Bone Vol. 22, No. 3 
March 1998:211-216 

> 

600 

500 

u ^ 
u £  400 

ü S 
S.O- 300 

05 g 
a. £ 
J3  200 

1       100 
H 

•     • 
r = 0.45 
p < 0.002 

0 25        50        75       100      125      150      175      200 

Serum ALP Activity (mU/mL) 

Figure 1. Correlation of ALP specific activity in extracts of tibiae with 
ALP activity in serum, using data summarized in Tables 1 and 2 for C3H 
(solid symbols) and B6 (open symbols) mice at 6 weeks (triangles), 8 
weeks (circles), and 14 weeks (squares) of age. Linear regression analysis 
shows a significant relationship with r - 0.45, p < 0.002 (n = 51 mice). 

an overall negative correlation between serum ALP activity and 
age in both B6 (r = -0.76, p < 0.001) and C3H (r = -0.33, p < 
0.03) mice, this relationship was determined by the large net 
decrease in serum ALP activity between 6 and 32 weeks. Serum 
ALP did not decrease in either strain between the ages of 6 and 

8 weeks, and, in fact, serum ALP increased at between 6 and 8 
weeks of age in the C3H mice (p < 0.05). 

Additional ALP studies revealed that monolayer cultures of 
calvarial cells (prepared by collagenase digestion) from newborn 
and 6-week-old CH3 mice contained 3.6-12 times more ALP 
activity per milligram of cell protein than B6 calvarial cells (p < 
0.001 for each). Although the addition of l,25(OH)2D3 to the 
culture medium increased ALP specific activity in the cells from 
6-week-old C3H calvariae (p < 0.02), it did not affect the level 
of ALP activity in parallel cultures of cells from 6-week-old B6 
calvariae, or in calvarial cells prepared from newborn mice of 
either strain. Bone cells derived from explants of femora and 
calvariae from 7-week-old mice also showed similar differenc- 
es—cells from C3H femora and calvariae had 8.2- and 4.6-fold 
higher levels of ALP activity (i.e., ALP activity per milligram of 
cell protein, p < 0.001 and p < 0.002, respectively) than cells 
derived from the femora and calvariae of B6 mice. The results of 
these cell culture studies are summarized in Table 3. Although 
the relative level of ALP activity per milligram of cell protein 
varied widely between the tested cell cultures [e.g., from a low of 
0.01 mU/mg for B6 femur explant cells to a high of 35.5 mU/mg 
for l,25(OH)2D3-treated C3H calvarial cells—presumably re- 
flecting differences in osteoblastic differentiation], the C3H cells 
always had much higher levels of ALP activity than the parallel 
cultures of B6 cells. 

To determine whether the higher levels of ALP activity in the 
bone cell cultures prepared from C3H mice, compared to B6 
mice, were associated with corresponding differences in the 

Table 3. Strain-dependent difference in ALP activity in monolayer cell cultures 

Source of cells Method of 
preparation/age 

ALP specific activity (mU/mg) 
Significance 
of difference (±D) C3H B6 

Calvaria (-D) collagenase/newborn 26.3 ± 1.2 7.25 ± 0.5 p < 0.001 
Calvaria (+D) collagenase/newborn 35.5 ± 4.5 6.93 ± 0.35 p < 0.001 
Calvaria (-D) collagenase/6 weeks 5.06 ± 1.09 0.65 ± 0.07 p < 0.001 
Calvaria (+D) collagenase/6 weeks 10.75 ± 1.42 0.82 ± 0.10 p < 0.001 
Femurs (—D) explants/7 weeks 0.082 ± 0.009 0.010 ± 0.002 p < 0.001 
Calvaria (-D) explants/7 weeks 0.248 ± 0.069 0.054 ± 0.023 p < 0.002 

Replicate cultures prepared from bones of C3H and B6 mice (of the indicated ages) by collagenase digestion (n = 6) and by outgrowth from bone 
fragments (explants, n = 4). After culture in DMEM + 10% FCS [with or without 10 nmol/L l,25(OH)2D, as indicated], the cell layers were rinsed 
four times with PBS (to ensure removal of serum) and then extracted with a solution of 0.01% Triton X-100 in 25 mmol/L NaC03 buffer (pH 7.5). 
ALP activity and protein were determined in each extract. ALP specific activity was calculated as milliunits per milligram of protein (shown as mean ± 
SEM). 

Table 4. ALP-positive colony forming units 

Number of cells per 
colony 

Type of colonies 
counted 

Number colonies observed for indicated strain of 
mice 

C3H B6 

3-10 ALP-positive cells 
11-20 ALP-positive cells 
>20 ALP-positive cells 
>3 ALP-positive cells 
3-10 cells 
11-20 cells 
>20 cells 
>3 cells 

ALP-positive colonies 
ALP-positive colonies 
ALP-positive colonies 
ALP-positive colonies 

all colonies 
all colonies 
all colonies 
all colonies 

22.7 ± 3.2 
19.3 ± 2.6 
13.3 ± 2.0 
55.3 ± 5.0 
90.7 ± 12.7 
77.3 ± 10.4 
53.3 + 8.1 

221.3 ± 19.8 

19.7 ± 1.4 
5.3 ± 1.5" 
0.8 ± 0.4" 

25.8 ± 2.4" 
39.3 ± 2.9b 

10.7 ± 2.9" 
1.7 ± 0.8" 

51.7 ± 4.8b 

Replicate marrow cell cultures from 6-week old C3H (n = 3) and B6 (n = 6) mice were scored for: number of ALP-positive colonies/dish; number 
of ALP-positive cells/colony (i.e., 3-10, 11-20, and >20 ALP-positive cells/colony); total number of colonies/dish (including ALP-negative colonies); 
and total number of cells/colony (including ALP-negative cells). Data shown as mean ± SEM. Two-way ANOVA shows effects of both strain and 
percentage of ALP-positive cells on the number of ALP-positive colonies seen (p < 0.001). 
"Significant difference between C3H and B6, p < 0.005. 
bp < 0.001. 
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Figure 2. ALP-positive CFU prepared from marrow stromal cell cul- 
tures of 8-week-old C3H and B6 mouse femurs. Data shown as the 
number of ALP-positive CFU observed per culture dish, mean ± SEM 
(n = 10 dishes for B6, n = 3 for C3H) for CFU that contained the 
indicated numbers of ALP-positive cells. Asterisk: significant difference 
between C3H and B6, p < 0.005; double asterisk: p < 0.001. Two-way 
ANOVA shows effects of both strain and number of ALP-positive cells 
on the number of ALP-positive CFU observed (p < 0.001 for each). 

number of bone marrow stromal cells with osteoblastic potential, 
we determined the numbers of ALP-positive colony forming 
units (CFUs) that could be obtained from marrow stromal cell 
cultures. We first prepared stromal cell cultures from the femora 
of 6-week-old C3H and B6 mice. As summarized in Table 4, we 
found that marrow stromal cells from CH3 mice produced more 
CFU of all sizes (p < 0.001), and more ALP-positive CFU (i.e., 
with 11-20 and >20 ALP-positive cells/CFU, p < 0.001 for 
each) than marrow stromal cells from B6 mice. Consistent with 
these findings, a follow-up study revealed: (i) that marrow 
stromal cells from 8-week-old C3H mice produced 2.7 times 
more ALP-positive CFU than marrow stromal cells from 
8-week-old B6 mice, p < 0.001; (ii) that the ALP-positive CFU 
derived from C3H mouse marrow contained a greater percentage 
of ALP-positive cells than the B6 CFU, p < 0.005 at 3-10 
ALP-positive cells per CFU and p < 0.001 at 11-20 and <20 
ALP-positive cells per CFU; and (iii) that this difference became 
more pronounced as the size of the CFU increased, p < 0.001 by 
two-way ANOVA. These results are shown in Figure 2. 

Discussion 

The results of our studies allow two conclusions: first, that CH3 
mice have higher levels of ALP activity than B6 mice, in serum 
and extracts of bone cells and bones; and second, that bone 
marrow stromal cell cultures prepared from C3H femurs produce 
more ALP-positive colonies than marrow stromal cell cultures 
from B6 femora. Because previous studies have shown that the 
amount of skeletal ALP activity in serum (and in bone) can 
provide an index of the rate of bone formation, in humans10,20,36 

and in rodents,7, l3'14-23,24 and that the number of ALP-positive 
CFU in bone marrow stromal cell cultures can provide an index 
of the number of osteoprogenitor cells, and therefore the osteo- 
genic potential, l9,22,25,27,3° our observations are consistent with 
the general hypothesis that bone formation is greater in C3H 
mice than in B6 mice because the former are producing more 
osteoblasts. 

We should note, however, that these interpretations are con- 

tingent on successful resolution of the following two issues. 
First, we need to know why serum ALP activity did not correlate 
more closely with tibial ALP in both strains, at all ages. Although 
we have interpreted the strain-dependent differences in serum 
ALP activity as reflective of differences in skeletal ALP and, by 
extension, differences in the systemic average rate of bone 
formation, serum ALP activity was not correlated with tibial 
ALP activity in the 8-week-old mice. An inspection of our data 
shows that serum ALP activity increased in the C3H mice, 
between 6 weeks and 8 weeks of age, and then decreased at 14 
and 32 weeks, whereas tibial ALP activity consistently decreased 
from 6 to 8 to 14 weeks of age. Although we may speculate that 
the disparity could be due to: (a) a larger contribution to serum 
skeletal ALP from other (nontibial) skeletal sources between 6 
and 8 weeks of age; or (b) a transient relative increase in hepatic 
ALP activity in serum (the onset of puberty may also be a factor), 
further studies are required to resolve this issue. Additional 
studies are also required to determine whether our observations 
of strain-specific differences in ALP activity and osteoprogenitor 
pool size are actually indicative of strain-specific differences in 
rates of bone formation. For example, differences in bone for- 
mation should result in proportional, or at least parallel, differ- 
ences in ALP activity, osteocalcin, and type I collagen synthesis. 

With regard to mechanism, previous studies have suggested 
that bone formation may be higher in the C3H mice, compared 
with B6 mice, because of higher levels of growth hormone. C3H 
mice have higher serum levels of growth hormone than B6 
mice31-32 and we found higher levels of IGF-I in the serum and 
bones of C3H mice, compared with B6 mice.29 Finally, more 
recent studies have shown a genetic association between femoral 
bone density and serum levels of IGF-I in the F2 progeny of a 
C3H X B6 cross,28 but association is not evidence of causative 
linkage. Other strain-dependent differences may also contribute 
to (or be determinants of) the observed differences in ALP 
activity and CFU formation. For example, previous studies have 
shown that C3H mice have higher basal levels of parathyroid 
hormone and l,25(OH)2D3 than B6 mice, a higher proportion of 
occupied vitamin D receptors, and a corresponding higher rate of 
intestinal Ca absorption.8,9 

In summary, the current studies indicate that C3H mice have 
higher levels of ALP activity (in serum and in bone) than B6 
mice and that C3H mice can produce more ALP-positive CFU 
than B6 mice and, together, these observations suggest that C3H 
mice produce more osteoblastic cells (and have a greater osteo- 
genic potential) than B6 mice. This is consistent with the recent 
observation of an apparent link between decreased osteoblasto- 
genesis and low bone mineral density in the unrelated SAMP6 
strain of mice.16 Our observations are also consistent with the 
general hypothesis that the greater peak bone density in C3H 
mice, compared with B6 mice, is a multifactorial consequence of 
both decreased bone resorption2,4,2' and increased bone 
formation. 
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ABSTRACT:    : ■ 

For the purpose of identifying genes that affect bone volume, we previously identified two inbred mouse strains 
(C57BL/6J and C3H/HeJ) with large differences in femoral bone density and medullary cavity volume. The lower 
density and larger medullary cavity volume in C57BL/6J mice could result from either decreased formation or 
increased resorption or both. We recently reported evidence suggesting that bone formation was increased in vivo 
and that osteoblast progenitor cells are more numerous in the bone marrow of C3H/HeJ compared with C57BL/6J 
mice. In the present study, we determined whether osteoclast numbers in vivo and osteoclast formation from bone 
marrow cells in vitro might also differ between the two mouse strains. We have found that the number of 
osteoclasts on bone surfaces of distal humerus secondary spongiosa was 2-fold higher in 5.5-week-old C57BL/6J 
mice than in C3H/HeJ mice of the same age (p < 0.001). Bone marrow cells of C57BL/6J mice cocultured with 
Swiss/Webster mouse osteoblasts consistently produced more osteoclasts than did C3H/HeJ bone marrow cells at 
all ages tested from 3 3-14 weeks of age (p < 0.001). Osteoclast formation was also greater from spleen cells of 
3.5-week-old C57BL/6J mice than C3H/HeJ mice. The distribution of nuclei per osteoclast and the 1,25- 
dihydroxyvitamin D3 dose dependence of osteoclast production from bone marrow cells were similar. Osteoclasts 
that developed from both C57BL/6J and CSHrtleJ marrow cells formed pits in dentin slices. Cultures from 
C57BL/6J marrow cells formed 2.5-fold more pits than cultures from C3H/HeJ marrow cells (p < 0.02). We 
compared the abilities of C57BL/6J and C3H/HeJ osteoblasts to support osteoclast formation. When bone marrow 
cells from either C57BL/6J or C3H/HeJ mice were cocultured with osteoblasts from either C57BL76J or C3H/HeJ 
newborn calvaria, the strain from which osteoblasts were derived did not affect the number of osteoclasts formed 
from marrow cells of either strain. Together, these observations suggest that genes affecting the bone marrow 
osteoclast precursor population may contribute to the relative differences in bone density that occur between 
C3H/HeJ and C57BL/6J mouse strains. (J Bone Miner Res 1999;14:39-46) 

INTRODUCTION b°ne density have not been identified. Previous studies 
have shown significant differences in bone mineral content 

BONE DENSITY is KNOWN to be determined by many fac- and bone size among different mouse strains.(10) To identify 
tors, including age, calcium balance, exercise, and ge- genes affecting bone density, a murine model has been de- 

netics.(1_9) Although the role of genetics in determining veloped for the purpose of investigating differences in bone 
bone density is well established, specific genes that affect    density among inbred strains of mice.(U) Eleven strains of 

mice were screened using peripheral quantitative comput- 
 : ~ erized tomography, and two were selected with widely dif- 

•Farts of this work were presented in an abstract presentation at .. L. ^™,'ti« «™ nf A.*»» rw/H.i 
the 18th Annual Meeting of the American Society for Bone and ferent femoral bone dens ties. Mice of the^stram C3H/HeJ 
Mineral Research, Seattle, WA, U.SA., 1996. have a mean femoral peak bone density of 0.69 ± 0.03 mg/ 
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mm3, while mice of the strain C57BL/6J have a mean femo- 
ral peak density of 0.45 ± 0.01 mg/mm3, p < 0.001 at 12 
months of age. C3H/H&J and C57BL/6J mice have signifi- 
cantly different femoral bone densities at all ages tested 
from 2-12 months. Bone densities of vertebrae and meta- 
carpals were also higher in C3H/HeJ mice than C57BL/6J 
mice, indicating apparent differences between strains in 
both cortical and trabecular bone density. Although there 
were no differences in the external perimeter or length of 
the femur, the C3H/HeJ mouse femurs had greater cortical 
bone volume and smaller medullary cavity volume (0.82 ± 
0.02 and 7.8 ±0.09 mm3, respectively) compared with 
C57BL/6J (0.61 ± 0.01 and 14.1 ± 0.4 mm3, respectively, p < 
0.001). These apparent differences in endosteal bone vol- 
ume regulation might arise from different rates of bone 
resorption or bone formation or both. 

Recently, we found that alkaline phosphatase activity in 
serum and bones of C3H/HeJ was higher than in C57BL/6J 
mice,(12) which is consistent with our observations that 
bone formation was increased in C3H/HeJ compared with 
C57BL/6J mice.(13) Furthermore, we found that the number 
of ALP-positive colonies produced in vitro per 106 bone 
marrow cells was greater in C3H/HeJ compared with 
C57BL/6J mice, which suggests that osteoblastic progenitor 
cells are more numerous in the bone marrow of C3H/HeJ 
mice. This observation leads to the question of whether 
osteoclastic progenitor cell numbers might also differ be- 
tween C3H/HeJ and C57BL/6J mice. Preliminary observa- 
tions that urine pyridinoline/creatinine excretion was lower 
in C3H/HeJ mice (451 ± 61 ng/mg) than in C57BL/6J mice 
(595 ± 167 ng/mg, p < 0.05, respectively),(14) suggest that the 
C57BL/6J mice have an increased rate of resorption com- 
pared to C3H/HeJ mice. 

The current study was undertaken to test the specific 
hypotheses that in vivo osteoclast numbers and in vitro os- 
teoclast formation from bone marrow cells are quantita- 
tively different between C57BL/6J and C3H/HeJ mice; to 
assess bone resorption by the osteoclasts that develop in 
vitro; and to determine possible differences in capacities of 
osteoblasts from these two mouse strains to support osteo- 
clast formation. 

MATERIALS AND METHODS 

Materials 

Alpha minimal essential medium (a-MEM) and fetal bo- 
vine serum for marrow cell osteoblast cocultures were pur- 
chased from GIBCO BRL (Gaithersburg, MD, U.S.A.). 
Dulbeccö's minimal essential medium (DMEM) and Fe- 
supplemented bovine calf serum for osteoblast cultures 
were purchased from Mediatech (Herndon, VA, U.S.A.) 
and Hyclone (Logan, UT, U.S.A.), respectively. Penicillin 
and streptomycin were purchased from Gemini Bio- 
Products (Calabasas, CA, U.S.A.). Dexamethasone (Sigma, 
St. Louis, MO, U.S.A.) and 1,25-dihydroxyvitamin D3 

(l,25(OH)2D3) (kindly provided by Hoffman LaRoche, 
Nutley, NJ, U.S.A.) were made as anhydrous ethanol stocks 
then diluted in marrow cell media. Final concentrations of 

ethanol were < 0.01%. Synthetic salmon calcitonin (Sigma) 
was used to inhibit osteoclast formation in vitro. 

Animals 

C57BL/6J and C3H/HeJ mice were obtained at different 
postweanling ages or as pregnant females from The Jackson 
Laboratory (Bar Harbor, ME, U.S.A.). Pregnant Swiss 
Webster mice were obtained from B&K Universal Ltd. 
(Freemont, CA, U.S.A.). All mice were housed at least 1 
week before being used as sources of bone marrow or cal-' 
varia cells. All protocols were reviewed and approved by 
the Institutional Animal Care and Use Committees of the 
appropriate institutions. 

Osteoclast numbers in vivo 

Analysis of osteoclasts in demineralized bone sections is 
based on previously described procedures/155 Mice were 
euthanized at 5.5 weeks of age by urethane injection. The 
right distal femur was fixed in neutral buffered 10% forma- 
lin for 24 h, demineralized, and prepared for parafin sec- 
tioning. Midcoronal sections (2 urn thick) of the distal fe- 
murs were stained for tartrate-resistant acid phosphatase 
(TRAP) as described^155 except that counterstaining was by 
Harris hematoxylin. Osteoclasts were identified as TRAP 
positive cells on bone surfaces. Bone surface length, num- 
ber of osteoclasts, and fraction of bone surface occupied by 
osteoclasts were measured in the secondary spongiosa of 
the distal femur using a color video microscopy imaging 
system and Osteomeasure 2.31 program (OsteoMetrics, 
Inc., Atlanta, GA, U.S.A.). The sampling site was defined 
as the area between endosteal cortical bone surfaces ex- 
tending from 0.3 mm to 0.78 mm proximal of the distal 
femur midepiphyseal plate. All contiguous optical fields 
within this area were analyzed at a magnification of xl400. 

Osteoclast formation in vitro 

Mice for bone marrow and spleen cell preparations were 
euthanized by C02 inhalation. Femurs were aseptically re- 
moved, placed on ice in a-MEM, and dissected free of soft 
tissues. The ends of the bones were removed and the mar- 
row was flushed from the midshaft with a syringe and 25 
guage needle using cold a-MEM.(14) Marrow cells from two 
to five female mice per strain were washed and resus- 
pended in a-MEM containing 10% fetal bovine serum, 100 
U/ml penicillin, and 100 u.g/ml streptomycin. The washed 
marrow cells (5 x lO^/well) were cocultured with neonatal 
calvaria cells (1 x 104/well) from outbred Swiss/Webster 
mice or from inbred (C3H/HeJ or C57BL/6J) mice in 24- 
well plates (Corning, Coming, NY, U.S.A.) in a final vol- 
ume of 1 ml. Cultures were fed with media containing 10 
nM l,25(OH)2D3 and 10 nM dexamethasone and were 
changed at day 3 by removing 0.5 ml of media and replacing 
it with fresh media. The marrow/osteoblast cultures were 
stopped at day 6. Groups of six replicate wells were used for 
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each incubation condition. Spleen cells from 3.5-week-old 
mice were prepared as described previously(16) and were 
cocultured with calvaria cells as described above for bone 
marrow cells. 

Osteoblast cells used for coculturing with marrow cells 
were isolated by collagenase digestion from calvariae of 
newborn mice. Mice 1-2 days of age were euthanized by 
C02 inhalation, and calvariae were dissected free from ad- 
hering soft tissue. The calvariae were digested for 15 min- 
utes at 37°C with 1 mg/ml collagenase A (Boehringer 
Mannheim, Indianapolis, IN, U.S.A.) in DMEM, then the 
supernatant was discarded and the calvaria were digested 
further in collagenase A for 90 minutes. The cells released 
were washed in DMEM +10% calf serum and plated in the 
same media in 100 mm plates. Cells were grown until con- 
fluence and frozen in aliquots for subsequent bone marrow 
or spleen coculture studies. The calvaria! cells were thawed 
24 h prior to use, so all experiments were performed with 
cells at passage two. 

Osteoclast identification in cocultures 

Cultures were rinsed, fixed, and stained for TRAP fol- 
lowing kit directions (Sigma, St. Louis, MO, U.S.A.). Cells 
were counted as osteoclasts if they were both TRAP posi- 
tive and had three or more nuclei per cell. As reported 
previously in studies of similar mixed culture prepara- 
tions,(17'18) osteoclasts that developed in the cocultures 
formed resorption pits on mineralized dentin slices. Other 
studies have demonstrated that similar cultures express cal- 
citonin receptors.(19,20) We found that cultures maintained 
without .l,25(OH)2D3 had very few TRAP positive multi- 
nucleated cells, and that addition of calcitonin to cultures 
containing l,25(OH)2D3 prevented formation of TRAP 
positive multinucleated cells and pit formation on dentin 
slices (see Results), supporting the conclusion that these 
cells are osteoclasts. There were no TRAP positive adher- 
ent cells 24 h after plating and some TRAP positive mono- 
nucleated cells but no multinucleated cells at 3 days. We 
observed TRAP positive multinucleated cells only at 6 
days, suggesting that they developed between 4 and 6 days 
of culture and were not already present in the marrow cell 
population. 

We analyzed six replicate wells per incubation condition 
unless otherwise noted, and, when osteoclast number was 
high, numbers of osteoclasts were estimated by counting 
cells in random fields comprising 15% of the well surface. 
Estimated cell counts were highly reproducible and com- 
pared closely with counts of entire wells. To minimize ef- 
fects of interassay variation, statistical comparisons were 
limited, unless otherwise noted, to assessment of differ- 
ences within each experiment. All observations were re- 
peated at least twice. Statistical analysis was performed by 
one-ay analysis of variance (ANOVA) using the SYSTAT 
program (Systat, Inc., Evanston, IL, U.S.A.). Data are ex- 
pressed as mean ± SEM. 

Pit formation on sperm whale dentin slices was deter- 
mined by modification of the procedure described by 
Takada et al.(21) Marrow cells from 4.5-week-old C3H/HeJ 
or C57BL/6J (5 x 105/well) were cocultured with neonatal 

calvaria cells (1 x 104/well) from Swiss Webster mice, on 
1-mm-thick, 1.5 cm2 dentine slices in 1.9 cm2 wells and cul- 
tured as for TRAP positive osteoclast formation. At 6 days, 
the cells were removed from the dentin by brief sonication 
in 0.01 M NaOH. Pits were then stained with 1% toluidine 
blue in 1% sodium borate or in acid hematoxylin (Sigma 
Chemical Co.). Pits stained with acid hematoxylin had more 
well defined edges and were used for area measurements. 
Random optical fields observed by transmitted light micros- 
copy were digitized using a color video camera, and pit 
areas were determined using the Sigma Scan/Image pro- 
gram (Jandel Scientific, San Rafael, CA, U.S.A.). 

RESULTS 

In vivo characteristics of C3H/HeJ and 
C57BL/6J mice 

Previous studies comparing inbred mouse strains have 
determined that bone length and animal weight did not 
differ between the C3H/HeJ and C57BL/6J strains of 
mice.(11) Since differences in total body weight could influ- 
ence bone density based on weight bearing, in this study we 
confirmed that the average animal weight at each age ex- 
amined was not significantly different between the two 
mouse strains. The mean weights for C3H/HeJ and C57BL/ 
6J mice at 7 weeks of age, for example, were 15.80 ± 0.19 g 
and 15.75 ± 0.21 g, respectively (n = 8/group). 

Osteoclast numbers in vivo in C3H/HeJ and 
C57BL/6J mice 

Distal femur trabecular bone in the secondary spongiosa 
of 5.5-week-old female C57BL/6J mice contained approxi- 
mately twice as many osteoclasts compared with C3H/HeJ 
mice (Table 1). C57BL/6J mice had a slightly higher bone 
surface length but this was not statistically significant. Num- 
bers of osteoclasts were significantly greater (p < 0.001) in 
C57BL/6J than C3H/HeJ whether the numbers were ex- 
pressed per bone surface length or per total area analyzed. 

Osteoclast formation in vitro 

When marrow cells from C3H/HeJ and C57BL/6J mice 
were cocultured with Swiss Webster osteoblasts in the pres- 
ence of 10"8 M l,25(OH)2D3, multinucleated, TRAP posi- 
tive osteoclasts formed by 6 days. In a representative ex- 
periment, C57BL/6J cultures had 907 ± 110 osteoclasts/well 
and C3H/HeJ cultures had 243 ± 36 osteoclasts/well. In the 
same experiment, addition of calcitonin (10 mU/ml) re- 
duced osteoclast formation more than 95% to 38 ± 7 osteo- 
clasts/well and 7 ± 4 osteoclasts/well, in C57BL/6J and C3H/ 
HeJ cultures, respectively (p < 0.001 for each). Osteoclast 
formation was also dependent on l,25(OH)2D3 (Fig. 1). 
These characteristics, together with our observations (be- 
low) that mixed bone marrow cultures formed pits in den- 
tine slices, support the assumption that the TRAP positive 
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TABLE 1. OSTEOCLAST NUMBERS IN SECONDARY SPONGIOSA OF DISTAL FEMUR OF 
5.5-WEEK-OLD FEMALE C57BL/6J AND C3H/HEJ MICE WERE DETERMINED AS 
  DESCRIBED IN THE MATERIALS AND METHODS 

C57BU6J 
(n = 7) 

Total area (mm2) 
Osteoclasts per mm2 total area 
Bone surface (mm) ' 
Osteoclasts per mm bone surface 
Osteoclast surface/bone surface 

C3H/HeJ 
(n = 6) p value 

0.889 ± 0.031 
249 ± 13 
14.7 ±1.6 
15.6 ± 1.0 

0.348 ± 0.028 

0.826 ± 0.026 
103 ± 18 

11.4 ± 1.4 
7.5 ± 1.0 

0.171 ± 0.016 

NS 
<0.001 

NS 
<0.001 
<0.001 

The sample area was from 0.3-0.78 mm proximal to the distal growth plate cartilage Data are 
S' ^c

mean±SEM. Significant differences between mouse strains were tested by one-way 
AiNUv A. NO, not significant. 

multinucleated cells observed in the cocultures are osteo- 
clast-like cells. 

Comparison of osteoclast formation in vitro 

There was a significantly greater number of osteoclasts 
generated per 106 marrow cells from C57EL/6J compared 
with C3H/HeJ femurs at all ages tested from 3-14 weeks of 
age, as summarized in Table 2. These experiments were 
repeated with marrow cells from female mice of different 
ages and with marrow cells from both male and female mice 
at 8 weeks of age. In 11 out of 12 cell preparations, the 
number of osteoclasts per 106 bone marrow cells was sig- 
nificantly higher for C57BL/6J mice than the C3H/HeJ 
mice. To assess the variation from animal to animal and 
verify that the differences between mouse strains were not 
simply due to errors in counting cells of the bone marrow 
preparations, an experiment was conducted comparing four 
replicate groups from each strain. Each group contained 
marrow cells pooled from the femurs of two mice. Cells of 
each group were counted separately and osteoclast forma- 
tion was determined in three culture wells per group (Table 
3). These data demonstrated that, in all mice tested, 
C57BL/6J marrow cells gave rise to more osteoclast forma- 
tion in vitro than C3H/HeJ marrow cells. 

To ascertain whether the differences in osteoclast forma- 
tion observed in female mice also occurred in male mice, an 
experiment was done with marrow cells from male C3H/ 
HeJ and C57BL/6J mice. Within the same strain, male and 
female femur marrow cells produced comparable numbers 
of osteoclasts. Osteoclast formation from male C57BL/6J 
mice was significantly higher, than from male C3H/HeJ 
mice (Table 2). 

In one experiment with the youngest mice (3.5-week- 
old), we isolated cells from the spleen as well as bone mar- 
row. In cocultures with Swiss Webster osteoblasts, spleen 
and bone marrow cells from C57BL/6J mice produced more 
osteoclasts compared with C3H/HeJ mice (Table 2). 

Previous studies of mouse bone marrow and osteoblast 
cocultures normally treated the cultures with l,25(OH)2D3 

at 10"8 M. One possible explanation for the difference in 
osteoclast formation between C3H/HeJ and C57BL/6J mice 
is that osteoprogenitor cells in the two strains are differen- 
tially dependent on l,25(OH)2D3 concentration. To test 

10-11   10-10 10-»   10"8 

1,25(OH)2D3 (M) 
10-' 

^S'nhJ'25*-0^203 dose resP°nse for C3H/HeJ and 
C37BL/6J marrow osteoclast formation. Cocultures were 
established with Swiss Webster osteoblasts and femoral 
marrow cells as described in the Materials and Methods 
Data points are mean ± SEM. The error bars are obscured 
by the symbols m all but one point. The C57BL/6J (circles) 
cultures had significantly more osteoclasts from lO-10 to 
™J M }&°W3 (P < 0-001 at 10-" tQ 10_8 

t0 

0.05 at 10-7 M) than the C3H/HeJ mice (squares) n = 6 
replicates per dose. 

this possibility, we treated cocultures with 125(OH) D 
doses from 10"7 to 10"11 M. The maximal number of osteo- 
clasts formed at 10"9 M U5(OH)2D3 in cultures from bone 
marrow cells of both mouse strains (Fig. 1). At all doses 
tested, the C57BL/6J bone marrow cell population pro- 
duced more osteoclasts than the C3H/HeJ bone marrow 
cell population. 

Not only were there more osteoclasts formed in vitro per 
106 marrow cells in the C57BIV6J mice, but at all ages ex- 
amined, from 3.5 to 14 weeks, the number of nucleated 
marrow cells per femur was higher in the C57BL/6J mice 
probably as a result of the larger medullary cavity In the 
experiment described in Table 2, for example, 6.5- to 
7-week-old C3H/HeJ mice had 4.25 ± 0.34 x 10s nucleated 
marrow cells per femur, while C57BL/6J mice had 7 08 ± 
0.30 x 10 cells per femur. Thus, with 83 ± 2 and 498 ± 79 
osteoclasts formed per 106 nucleated marrow cells, the 
C3H/HeJ and C57BIV6J mice formed 353 ± 9 and 3530 ± 43 
osteoclasts per femur, respectively. 

To determine whether osteoclast size might vary between 
the two mouse strains, TRAP positive cells formed in vitro 
were divided into three groups based on the number of 
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Experiment 
Age of mice 

(weeks) 
Osteoclast 

source 
C57BL/6J 
osteoclasts 

C3H/HeJ 
osteoclasts p value 

1 
2 
2 
3 
3 
4 

■ 5 
6 
7 
8 
9 
9 

10 

4.5 
6.5 

6.5 (males) 
6 

13 
7.5 
9 
7.5 
6 

14 
3.5 
3.5 

■4.5 

Bone marrow 
Bone marrow 
Bone marrow 
Bone marrow 
Bone marrow 
Bone marrow 
Bone marrow 
Bone marrow 
Bone marrow 
Bone marrow 
Bone marrow 
Spleen 
Bone marrow 

907 ±110 
249 ±32 
237 ± 54 

1544 ±137 
1139 ±137 

206 ± 31 
617 ± 52 
435 ±44 
173 ±44 
656 ± 106 

1029 ±80 
822 ± 67 
939 ±103 

243 ± 36 
42±8 
82 ±38 

681 ± 104 
696 ±118 
121 ± 11 
272 ±28 
246 ± 45 
118 ± 40 
337 ± 19 
613 ± 87 
128 ± 18 
564 ±43 

<0.001 
<0.001 
<0.05 
<0.001 
<0.05 
<0.05 
<0.001 
<0.05 

NS 
<0.01 
<0.01 
<0.01 
<0.05 

Cultures were established as specified in the Materials and Methods, in different experiments with 
marrow cells (0.5 x 106/well) from mice ages 3.5-14 weeks at the time of the experiment. Except 
where noted, all animals were female. Numbers are expressed as osteoclast per well ± SEM, six 
replicates per group. Combined ANOVA indicated that the difference between C57BL/6J and 
C3H/HeJ is highly significant (p'< 0.001). 

TABLE 3. VARIATION IN OSTEOCLAST FORMATION 
BETWEEN ANIMALS OF THE SAME STRAIN 

Osteoclasts/well 

Group C57BL/6J Cm/HeJ 

1 
2 
3 
4 

242 ± 69 
327 ± 24 
264 ±116 
162 ±48 

40 ±24 
44 ±27 
43 ±30 
40 ±5 

Strain average 249 ± 32 42 ±8 

Two 6.5-week-old female mice were used as a source of marrow 
cells for each group and cells were then plated with Swiss Webster 
calvaria cells as described in the Materials and Methods. Results 
are expressed as mean ± SEM. Strain averages are based on group 
means of three wells/group, four groups per strain. There were no 
significant differences between groups of the same strain (by 
ANOVA), while the difference between the strains is statistically 
significant (p < 0.001). Results of strain averages are also included 
in Table 2 as experiment 2. 

nuclei per cell (Fig. 2). In all three size classes, osteoclasts 
from C57BL/6J mice were more numerous than osteoclasts 
from C3H/HeJ mice (p < 0.001). There was no significant 
difference between mouse strains in the number of osteo- 
clast nuclei per cell. C3H/HeJ marrow-derived osteoclasts 
had, on average, 5.55 ± 0.13 nuclei, while C57BL/6J marrow 
derived osteoclasts had 5.46 ± 0.05 nuclei per cell (n = 6). 
Because there were more osteoclasts per well in C57BL/6J 
marrow derived cultures, the total number of osteoclast 
nuclei per culture well was greater in C57BL/6J than in 
C3H/HeJ cultures. 

Osteoclasts that developed from C57BL/6J and C3H/HeJ 
bone marrow cells in cocultures with Swiss/Webster osteo- 
blasts resorbed pits in dentin slices. Pits stained by toluidine 
blue or by acid hematoxylin exhibited characteristic mor- 

3-5        6-10       11-20 
Nuclei/Osteoclast 

FIG. 2. Distribution of nuclei per osteoclast. Cocultures 
were established with Swiss Webster osteoblasts as de- 
scribed in the Materials and Methods. TRAP positive cells 
with one or. two nuclei were not counted. The numbers of 
TRAP positive osteoclasts (mean ± SEM) with 3-5, 6-10, 
and 11-20 nuclei/cell were significantly greater in C57BL/6J 
(hatched bars) than in C3H/HeJ (solid bars) cultures, p < 
0.001 for each. The average number of nuclei per osteoclast 
was 5.55 ± 0.13 for C3H/HeJ cultures and 5.46 ± 0.05 for 
C57BL/6J cultures (NS, n = 6 replicates per group). 

phologies described previously. C57BL/6J bone marrow 
cell cultures from 4.5-week-old mice produced 2.5-fold as 
many pits per dentin slice as were produced by C3H/HeJ 
cultures (p < 0.01; Table 4). In the same experiment, the 
number of TRAP positive multinucleated osteoclasts that 
formed in plastic wells was also greater for C57BL/6J than 
C3H/HeJ cultures. Addition of 10 mU/ml calcitonin de- 
creased the number of pits formed by osteoclasts to < 3% 
(Table 4). Areas of the pits formed in cultures from both 
strains of mice had a broad range. The mean pit area in 
C3H/HeJ cultures was 16% higher than the mean area in 
C57BL/6J cultures but was not significantly different. When 
pit area values were log transformed, however, the trans- 
formed values exhibited a normal distribution (Fig. 3) and 
were statistically different (p < 0.05). 
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TABLE 4. PIT FORMATION IN MARROW CELL OSTEOBLAST COCULTURES PLATED ON 
DENTINE SLICES 

Media C57BL/6J C3H/HeJ 

Osteoclasts/cm2 

Pits/cm2 

Pits/cm2 

Pit area (um2)1 

l,25(OH)2D3 
l,25(OH)2D3 
l,25(OH)2D3 
l,25(OH)2D3 

+ CT 

499 ± 61 (5)* 
859 ± 138 (4) 
13 ±2 (2) 

4830 ±280 (473) 

301 ±29 (5) 
340 ± 55 (4) 

9 ± 1 (2) 
5640 ± 360 (392) 

<0.02 
<0.01 

<0.05 

C57BL/6J or C3H/HeJ marrow cells from 4.5-week-old mice were cocultured with newborn Swiss 
Webster osteoblasts on either plastic (experiment 10 of Table 2) or dentine slices in 24-well plates 
Media contained 10 nM l,25(OH)2D3 or l,25(OH)2D3 + 10 mU/ml human calcitonin. At 7 days, the 
cells on plastic were stained for TRAP and the dentine slices were stained with acid hematoxylin to 
reveal resorption pits. Osteoclast production was assessed in parallel cultures plated in plastic wells. 
Significant differences between C57BL/6J and C3H/HeJ, determined by ANOVA, are indicated in 
the far right column. Data are presented as osteoclasts or pits per square centimeter of surface, 
mean ± SEM, because the surface areas of the plastic wells and the dentine slices were different (1.9 
cm2 and 1.6 cm2, respectively). 

* The number of wells or pits per group is shown in parentheses. 
f Pit areas were significantly different only after log transformation. 

0.25 

3.   A   .8   1.5 3    6    12 24 48 

Pit Area (pm2X 1000) 

FIG. 3. Areas of pits formed in dentin slices by C57BL/6J 
and C3H/HeJ osteoclasts. Areas were determined in a ran- 
dom sample of pits (473 from C57BL/6J, 392 from C3H/ 
HeJ) formed by mixed cultures of 4.5-week-old C57BL/6J 
(hatched bars) or C3H/HeJ (solid bars) marrow cells and 
newborn Swiss/Webster osteoblasts. Histogram classes are 
powers of two. The mean area of C3H/HeJ pits, shown in 
Table 3, was significantly different (p < 0.05) from the mean 
area of C57BL/6J pits when areas were log transformed. 

Since there were virtually no osteoclasts formed in the 
absence of osteoblasts in our experiments, and previous 
studies have demonstrated the importance of osteoblasts in 
inducing osteoclast formation, we hypothesized that osteo- 
blasts in the marrow or on the endosteum of C57BL/6J and 
C3H/HeJ mice may influence the relative amount of osteo- 
clast formation. Although our experiments using osteo- 
blasts from a third unrelated mouse strain (Swiss Webster) 
suggested that differences in osteoclast formation between 
C57BL/6J and C3H/HeJ marrow arise from differences in 
the marrow cells, these experiments do not rule out possible 
effects of osteoblast genotype on the induction of osteoclast 
formation. To assess whether the number of osteoclasts 
generated in vitro was determined by the strain from which 
the osteoblasts were derived, experiments were performed 

using neonatal osteoblastic cells from either C57BL/6J or 
C3H/HeJ calvariae, with marrow cells from either the same 
strain or from the heterologous strain. Surprisingly, there 
was no effect of the osteoblast cells to alter numbers of 
osteoclasts formed from either mouse strain (Fig. 4). 
Whether Swiss Webster, C57BL/6J, or C3H/HeJ cells were 
used as the osteoblast source, there were always more os- 
teoclasts formed from C57BL/6J marrow than from C3H/ 
HeJ marrow. 

DISCUSSION 

C57BL/6J mice had more osteoclasts on endosteal bone 
surfaces compared with C3H/HeJ mice. The site in the hu- 
merus that we investigated is an area of active bone remod- 
eling in which relative rates of bone formation and resorp- 
tion determine the amount of trabecular bone present. We 
speculate that the increased number of osteoclasts in 
C57BL/6J bone results in increased resorption compared 
with C3H/HeJ mice. This supports previous evidence for 
increased resorption in C57BL/6J mice that was based on 
increased pyridinoline excretion/14^ 

Osteoclast formation in vitro was significantly greater 
from C57BL/6J than C3H/HeJ marrow cells at all ages 
tested. This suggests that the difference in osteoclast for- 
mation was not caused simply by a developmental delay of 
osteoclast precursor populations in C3H/HeJ mice which 
would eventually "catch up" to C57B176J mice. Osteoclast 
formation from spleen cells was also greater in C57BL/6J 
mice compared with C3H/HeJ mice, suggesting that pos- 
sible differences in osteoclast precursor populations are not 
restricted to the bone marrow microenvironment but might 
be influenced by systemic factors that differ quantitatively 
between the mouse strains. One possible factor is circulat- 
ing l,25(OH)2D3. However, in a preliminary report,(22) cir- 
culating l,25(OH)2D3 levels were lower in C57BL/6J than 
in C3H/HeJ mice, suggesting either that the sensitivity of 
C57BL/6J osteoclast precursor cells to l,25(OH)2D3 might 
be greater in C57BL/6J mice or that different l,25(OH)2D3 



OSTEOCLAST FORMATION IN INBRED MOUSE STRAINS 45 

C57BL/6J        C3H/HeJ 
Source of Osteoblasts 

FIG. 4. Osteoclast formation in cocultures with C57BL/6J 
and C3H/HeJ osteoblasts. Marrow cells from 9-week-old 
mice were cocultured with osteoblasts from either newborn 
C57BL/6J or C3H/HeJ calvariae. The C57BL/6J marrow 
cells (hatched bars) produced more osteoclasts compared 
with C3H/HeJ marrow cells (solid bars), whether they were 
plated with C57BL/6J or C3H/HeJ osteoblasts,/) < 0.001 for 
each. Values are mean ± SEM, n = 6 per group. 

levels in vivo cannot account for different osteoclast forma- 
tion in vitro. Our data from 1^5(OH)2D3 dose-response 
experiments suggest that the difference in osteoclast forma- 
tion in vitro between C3H/HeJ mice and C57BL/6J mice is 
not due to differential sensitivity to l,25(OH)2D3. Another 
possible systemic difference between the mouse strains is 
circulating estrogen or androgen levels. However, osteo- 
clast production was not dependent on the sex of the mice 
from which the bone marrow cells were isolated. This result 
suggests that potential differences in sex steroid levels or 
cell sensitivity to sex steroids (or other sex-related differ- 
ences) cannot account for the differences in osteoclast for- 
mation that occur between the two mouse strains. Last, 
circulating growth hormone and insulin-like growth factor 
(IGF) levels, which are positively associated with bone re- 
sorption and osteoclast formation/23' might differ between 
C3H/HeJ and C57BIV6J mice. C3H/HeJ mice have higher 
circulating levels of growth hormone and IGF-I,(24) which 
may contribute to the higher bone formation that occurs in 
C3H/HeJ mice.(13) Higher IGF-I levels, however, would 
give rise to higher numbers of osteoclasts, so IGFs cannot 
account for the lower osteoclast numbers in C3H/HeJ mice. 

Osteoclasts from C3H/HeJ and C57BL/6J mice resorbed 
pits in dentin slices, as described previously in studies using 
the same mixed culture model with different mouse 
strains.(17,18) The number of pits was greater in cultures 
from C57BL/6J than C3H/HeJ mice and was roughly pro- 
portional to the number of osteoclasts formed in the same 
experiment. The size of resorption pits was nearly the same 
in C3H/HeJ and C57BL/6J cultures and was statistically 
different only when pit areas were log transformed. Wheth- 
er meaningful differences exist in the abilities of osteoclasts 
from the two strains to resorb bone cannot be determined 
from the present data. The data do indicate, however, that 
the reduced number of pits formed in C3H/H3J cultures 
does not result from defective pit formation. 

Since it is well established that osteoblastic stromal cells 
are important regulators of osteoclastogenesis from bone 
marrow precursor cells, we initially considered the corollary 
hypothesis that differences in osteoclast formation from 

C3H/HeJ compared with C57BL/6J mouse marrow cells 
result from differences in the capacities of the stromal cells 
from the respective mouse strains to stimulate or support 
osteoclast formation. The stromal cells not only secrete 
soluble factors such as macrophage colony-stimulating fac- 
tor (M-CSF), which stimulate osteoclast differentiation, but 
cell contact between stromal cells and osteoclast progenitor 
cells may also be necessary for osteoclast formation/235 In 
the SAMP6 mouse genetic model for accelerated aging, 
decreased osteoclast formation in SAMP6 bone marrow 
culture was attributed to defective stromal cells rather than 
defective osteoclasts.(2S) Results of the present study, how- 
ever, do not support a difference in the ability of osteoblasts 
to support osteoclast formation in vitro. The results are 
consistent with the hypothesis that C3H/HeJ and C57BL/6J 
mouse strains differ in the number of bone marrow osteo- 
clast progenitor cells, or in the ability of osteoblastic cells to 
differentiate into mature osteoclasts in the coculture sys- 
tem, or in both characteristics. 

We found that C57BL/6J osteoblasts produced higher 
levels of IL-6 and granulocyte M-CSF compared with C3H/ 
HeJ osteoblasts.^7' Although these differences in osteo- 
blast cytokine production cannot account for the differ- 
ences in osteoclast formation observed between the mouse 
strains (because in the present study C57BL/6J osteoblasts 
did not support increased osteoclast formation from mar- 
row cells of either strain compared with C3H/HeJ osteo- 
blasts) it is possible that differential cytokine signaling in 
the bone marrow in vivo results in increased numbers of 
osteoclast progenitor cells in C57BL/6J mice compared 
with C3H/HeJ mice. 

Interestingly, we have observed differences between 
C3H/HeJ and C57BL/6J mice in osteoblast properties, os- 
teoblast formation from marrow cell precursors in vitro/12' 
and bone formation in vivo/13' Osteoblasts isolated from 
femurs and calvariae of C3H/HeJ mice had higher ALP 
activities compared with osteoblasts from C57BL/6J mice, 
and the number of ALP positive stromal cell colonies 
formed per 106 marrow cells was greater in C3H/HeJ mice 
compared with C57BL/6J mice. In vivo studies found that 
endosteal bone mineral apposition rate and relative bone 
formation rate were significantly higher in C3H/HeJ mice 
than C57BL/6J mice. Thus, different genes affecting resorp- 
tion and formation could contribute to the difference in 
bone density between C3H/HeJ and C57BL/6J mice. Fur- 
thermore, our findings indicate that bone marrow popula- 
tions from C3H/HeJ and C57BL/6J mice have an inverse 
relationship between osteoblast and osteoclast progenitor 
cell numbers. Although these observations do not indicate 
a causal relationship, one could speculate that the increased 
osteoblast progenitor cell population and increased bone 
formation that are apparent in C3H/HeJ bone may create 
an environment that is inhibitory to osteoclast progenitor 
cell formation. However, how this mechanism could ac- 
count for differences in osteoclast formation from spleen 
cells of the two mouse strains is currently unclear. 

In summary, our data suggest that there are differences in 
osteoclast precursor populations of the bone marrow be- 
tween C3H/HeJ and C57BL/6J mice. These differences 
could contribute to the differences in bone density observed 
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between these two inbred mouse strains. The ultimate goal 
of our studies is to identify genes that can account for the 
difference in bone density between the C3H/HeJ and 
C57BL/6J mice. The results of the previous and the present 
study together suggest that genes that regulate osteoclast 
lineage cells, as well as genes that regulate osteoblast lin- 
eage cells, may contribute to the difference in bone densi- 
ties which exists between the two inbred mouse strains. 
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Cortical Tibial Bone Volume in Two Strains of Mice: Effects 
of Sciatic Neurectomy and Genetic Regulation of Bone 
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Although C3H/HeJ (C3H) and C57BL/6J (B6) mice are similar 
in body size (and adult weight), and have bones of similar 
external size, C3H mice have higher peak bone densities than 
B6 mice (e.g., 53% higher peak bone density in the femora). The 
current studies were intended to assess the role of mechanical 
loading/unloading as a possible determinant of the bone density 
difference between these inbred strains of mice and, specifically, 
to assess the effect of sciatic neurectomy on histomorphometric 
indices of bone formation and resorption in the tibiae of female 
C3H and B6 mice. Groups of 10 mice of each strain were 
subjected to left-side sciatic neurectomy (left hindlimb immobi- 
lization) or a sham procedure. The contralateral (right) legs of 
each mouse were used as controls. Four weeks of immobiliza- 
tion produced no systemic changes in bone formation indices in 
either strain of mice (i.e., no change in serum alkaline phospha- 
tase or serum osteocalcin). However, histomorphometric assess- 
ments at the tibiofibular junction showed that 4 weeks of 
immobilization caused a time-dependent decrease in the length 
of the endosteal bone forming perimeter (e.g., 14% of control 
single-labeled, noneroded surface at 4 weeks,/? < 0.005) with a 
concomitant increase in the length of the endosteal bone resorb- 
ing perimeter (i.e., 424% of control eroded surface at 4 weeks, 
p < 0.005), in the B6 mice. These effects were associated with an 
increase in medullary area (132% of control, p < 0.05) at this 
site, in the B6 mice. The pattern of response was different in the 
tibiae of the C3 mice—a much smaller decrease in bone forming 
perimeter (88% of control at 4 weeks, p < 0.05), with no 
associated increase in bone resorbing perimeter, and no change 
in medullary area. Similar effects were seen at a second cross- 
sectional sampling site, in the proximal tibia. Together, these 
findings indicate that B6 mice are more sensitive to endosteal 
bone loss from hindlimb immobilization than C3H mice. (Bone 
25:183-190; 1999) © 1999 by Elsevier Science Inc. All rights 
reserved. 

Key Words: Bone; Mechanical Loading; Mouse; Bone resoiption; 
Bone formation. 
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Introduction 

Osteoporosis is characterized by an age-dependent decrease in bone 
density and a consequent increase in the risk of skeletal fracture.''a9 

Adult bone density can be defined in terms of peak bone density 
(usually achieved in young adulthood), and the subsequent rate of 
net loss and, from this definition, it follows that peak bone density 
is a physiological determinant of the age-dependent risk of osteo- 
porotic fracture.11'29 Previous studies have estimated that as much 
as 70% of peak bone density is determined by genetic fac- 
tors,10,15'17,24 and we have developed an animal model for quanti- 
tative trait locus (QTL) analysis that will allow us to identify the • 
genes responsible for the peak bone density difference between two 
inbred strains of mice.2,3,3,6,9,21,25 

Adult C3H/HeJ (C3H) and C57BL/6J (B6) mice are similar in 
body size and weight and their bones are of similar external size; 
however, the C3H mice have a greater peak bone density than the 
B6 mice (e.g., 53% greater peak bone density in the femora). This 
difference in density can be attributed to a difference in medullary 
space—the medullary cavity is larger in the B6 mice.6 Preliminary 
QTL analyses have estimated the genetic component of the femoral 
density difference to be at least 70%, and histological, biochemical, 
and in vitro cell culture studies2'3,5'6'9'21,25 have revealed cytologi- 
cal-mechanistic differences that could contribute to the^bone density 
difference between C3H and B6 mice. 

Our previous studies have shown that the rate of bone resorp- 
tion is greater in young B6 mice than in C3H mice2,3 and, 
conversely, that the rate of bone formation is greater in young 
C3H mice than in B6 mice.3 Our previous studies have also 
revealed a larger population of osteoclastic progenitor cells in the 
marrow of B6 compared with C3H mice,21 and a larger popula- 
tion of alkaline phosphatase-positive, osteoblast-lineage cells in 
the marrow of C3H compared with B6 mice.9 Finally, our 
previous studies have shown increased levels of the skeletal 
growth factor IGF-I, and of the bone-specific enzyme, skeletal 
ALP, in the serum and the bones of C3H compared with B6 
mice.25 Together, these observations have led to the hypothesis 
that developmental differences in the rates of bone formation and 
resorption may be responsible (at least in part) for the greater 
peak bone density in C3H compared with B6 mice. 

The current studies were intended to extend those observations, 
by beginning an assessment of the role of mechanical loading as 
another possible determinant of the bone density difference between 

© 1999 by Elsevier Science Inc. 183 
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CH3 and B6 mice. Our rationale for these studies was based on the 
following two observations. Previous studies have shown that im- 
mobilization can increase bone resorption and/or decrease bone 
formation in experimental animals and humans.1-12,16'20,26'27,32 Pre- 
vious studies have also revealed that mechanical loading can in- 
crease bone formation and/or decrease bone resorption13'16'18'19-30 

and increase the local production of skeletal growth factors, includ- 
ing the insulin-like growth factors (IGFs).22,31 Because we have 
found evidence for strain-specific differences in (a) the osteoclast 
and osteoblast-progenitor pool populations of C3H and B6 mice, (b) 
the serum and skeletal levels of IGF-I, and (c) the osteoblastic 
production of IGF-I,9,21,25 we considered the possibility that C3H 
and B6 mice might show different responses to the effects of 
immobilization. For instance, B6 mice might be more efficient at 
recruiting osteoclasts in response to immobilization, resulting in a 
differential increase in resorption, and/or IGF production in re- 
sponse to mechanical loading, (e.g., C3H osteoblast-line cells might 
produce more IGF-I synthesis in response to mechanical loading 
than B6 osteoblast-line cells, resulting in a differential increase in 
formation). Thus, we hypothesized that CH3 mice might be less 
sensitive to immobilization (i.e., suffer less net loss of bone from 
such a reduction in loading) and/or more sensitive to mechanical 
loading (i.e., form more bone in response to the same degree of 
loading), compared with B6 mice. The current studies were specif- 
ically intended to test the effects of hindlimb immobilization caused 
by sciatic neurectomy. 

Methods 

Animals and Treatment 

Female C3H/HeJ (C3H) and C57BL/6J (B6) mice were purchased 
from the Jackson Laboratory (Bar Harbor, ME). The mice were 
maintained on a 12 h light/dark cycle in our accredited facility and 
fed standard laboratory chow. A preliminary study was conducted to 
assess the feasibility of the procedure, followed by the formal study. 
There were no significant problems associated with the procedures 
(i.e., other than the self-mutilation observed in the preliminary 
study, which was, subsequently, prevented by taping) and no dif- 
ferences in body weight between the treatment groups. Serum and 
tissue samples were collected at the time of killing. Sera were frozen 
(—20°C) for measurements of ALP activity and osteocalcin. Bones 
were used for histological analysis or extraction. All protocols were 
reviewed and approved by the animal studies subcommittee (of the 
research and development committee) of the J. L. Pettis Memorial 
Veterans Medical Center. 

Preliminary Study 

Sciatic neurectomy26,27,32 was performed on the left legs of seven 
C3H and eight B6 mice (8 weeks of age) and the right legs were 
used as controls. During the following week, we observed some of 
the mice chewing on (and mutilating) their immobilized limbs. To 
prevent this behavior, we wrapped the neurectomized hindlimbs in 
cotton gauze and several layers of duct tape, affixing the hindlimb to 
the tail in the process. This procedure reduced (but did not prevent) 
the incidence of gnawing and completely prevented self-mutilation 
(i.e., the mice could still gnaw on their hindlimbs, but could not 
inflict the same degree of overt damage). Although we found no 
anatomical or histomorphometrical evidence of hindlimb damage 
caused by the taping procedure (e.g., restricted blood flow from to 
soft tissues and/or bones), our studies were not designed to assess 
this possibility. After 3 weeks of immobilization (an arbitrary time, 
selected with reference to previous studies with rats27,32), the mice 
were killed (C02 gas and decapitation) and the tibiae were dissected 

for analysis of cross-sectional areas at the tibiofibular junction 
(syndesmosis4,20,27,32). 

Sciatic Neurectomy Study 

Thirty 7-week-old mice of each strain (i.e., C3H and B6) were used 
for this study. After 2 weeks of acclimation, the mice were randomly 
divided into three groups of ten for each strain: a baseline control 
group to be killed on day 0; a sham-operated control group; and a 
sciatic neurectomized group. The mice were approximately 9 weeks 
of age at the start of the study. The mice in the surgical groups were 
anesthesized by an intraperitoneal injection with ketamine 100 
mg/kg body weight (b.w.) and xylocaine 15 mg/kg b.w. The left leg 
sciatic nerve was exposed, a 3-4 mm length of the nerve was 
resected (i.e., removed), and the skin was stitched closed with 
surgical thread. The sciatic nerve resection (confirmed visually by 
two observers at the time of surgery) effectively denervated all 
regions of the hindlimb served by the sciatic nerve and its branches 
(e.g., the tibia] and fibular nerves), immobilizing the tibia and fibula 
and most of the femur (i.e., excluding the proximal femur, which 
could still have been affected by some muscles in the buttocks). For 
the sham-operated animals, the sciatic nerve was exposed (but not 
resected) and then the skin was closed. Immediately after the 
operation, cotton gauze and duct tape were used to immobilize the 
neurectomized left leg by fixing it to the tail. No duct tape was 
applied to the sham-operated group. Because the gauze padding 
could still be compressed through the tape, we assumed that the 
taping did not constrict the soft tissues. To assess the rates of bone 
formation and mineralization, the mice were injected intraperitone- 
ally with 20 mg/kg acromycine on day 0,5 mg/kg calcein on day 12, 
20 mg/kg declomycin on day 19, and 5 mg/kg calcein on day 26. On 
day 28, all the mice were killed with C02 gas, followed by 
decapitation and collection of blood from the neck and body. The 
tibiae from both legs of each mouse were dissected free of adherent 
tissue and ground sections were prepared at the tibiofibular junction, 
for histomorphometrical analysis. The femora were extracted, as 
described in what follows. 

Histomorphometric Analysis 

Undecalcified ground cross sections of 30 \im thickness were 
prepared just above the tibiofibular junction (i.e., the syndesmo- 
sis) for histomorphometric analysis.4 Undecalcified ground cross 
sections were also prepared at a site in the proximal tibia, 6 mm 
distal to the proximal end of the tibia. This second site was 
assessed because periosteal woven bone formation was observed 
in more than half of the cross sections prepared at the tibiofibular 
junction in the bones from neurectomized mice. The periosteal 
woven bone formation (which we have attributed to the neurec- 
tomized animal's gnawing on their numb hindlimb) was not 
observed in the cross sections prepared at the proximal tibial site. 
The tibial sampling sites are shown schematically in Figure 1, 
and the appearance of the ground sections is illustrated in Figure 
2. Undecalcified ground sections were used in these studies for 
the following three reasons: (a) the method is rapid (i.e., com- 
pared with procedures required for the preparation and analysis 
of thin sections—decalcification, fixation, embedding, staining, 
etc.); (b) we were familiar with this method and this sampling 
site from previous studies with rats4 and mice;2,3,6 and (c) 
although we understood that the histomorphometric data derived 
from this procedure would be limited (i.e., compared with thin 
section data from sagittal sections), the method allows measure- 
ments of medullary area and both forming and resorbing surfaces 
(i.e., fluorescent-labeled and eroded perimeters, respectively), 
and we believed that such data would be sufficient for an initial 
test of our hypothesis. From the ground sections, we determined 
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Figure 1. Schematic illustration of the two tibial sampling sites used for 
preparation of undecalcified ground sections. The first site (A) was 
located at the tibiofibular junction and the second site (B) was 6 mm 
distal to the proximal end of the tibia. 

calculated as the mean distance between fluorescent labels, 
divided by the interval (i.e., in days) between them. Histomor- 
phometric indices were based on nomenclature recommended by 
the American Society of Bone and Mineral Research.23 Histo- 
morphometric measurements were made using the OsteoMeasure 
system (OsteoMetrics Inc., Atlanta, GA). A more detailed de- 
scription of the methods related to the preparation and measure- 
ment of ground cross sections of bone at the tibiofibular junction 
was provided in a previous report of histomorphometric analyses 
of rat bone at this sampling site.4 

Extraction of Femora 

As in our previous studies,9'25 femora were freed of adherent 
tissue, cut near the midshaft, and incubated overnight in phos- 
phate-buffered saline containing 0.01% azide at 4°C (1.5 mL/ 
bone) to remove marrow and contaminating serum. Each bone 
was then transferred to 1.5 mL of 25 mmol/L NaHC03 (pH 7.4) 
containing 0.01% azide and 0.01% Triton X-100 for a 72 h 
extraction at 4°C. Each extract was centrifuged to remove insol- 
uble material and used for quantitation of alkaline phosphatase 
(ALP) activity and osteocalcin, as described in what follows. The 
extracted bones were dehydrated during a 24 h incubation in 70% 
ethanol (1 mL/bone at 37°C), then dried (18 h at 37°C) for 
measurement of bone dry weight (Cahn microbalance, Model 
7500, Cahn Instruments, Cerritos, CA). 

total bone area (B.Ar; i.e., total cross-sectional area within the 
periosteal perimeter) and total medullary area (Ma.Ar). We also 
measured the endosteal bone forming perimeter as the absolute 
length of the noneroded, single-labeled perimeter (sL.Pm) and as 
the ratio of noneroded, single-labeled perimeter to total endosteal 
perimeter (sL.Pm/B.Pm). Endosteal bone resorbing perimeter 
was determined as the absolute length of the eroded surface 
(E.Pm) and as the ratio of eroded perimeter to total endosteal 
perimeter (E.Pm/B.Pm). The mineral apposition rate (MAR) was 

Figure 2. Representative photographs of undecalcified ground sections 
prepared from B6 mice, at each of the sampling sites. (A) and (B) are 
sections prepared at the tibiofibular junction from control and neurecto- 
mized B6 mice, respectively. Note the apparent increase in medullary 
area in the sample prepared from the B6 neurectomized mouse. Also, 
note the appearance of periosteal woven bone in the B6 neurectomized 
section (this phenomenon of new periosteal bone was observed in some, 
but not all of the sections prepared at this site from the neurectomized 
animals). (C) and (D) are sections prepared at the proximal tibial site (6 
mm from the distal end of the tibia) from control and neurectomized B6 
mice, respectively. 

Measurement of ALP Activity in Serum and Extracts 
of Femora 

ALP activity9-25 was measured by the time-dependent formation 
of p-nitrophenolate from paranitrophenyl phosphate (PNPP) (i.e., 
increased absorption of light at 405 nm) in alkaline solution, 
using a microtiter plate spectrophotometer (EAR4Ö0/340AT, 
Labinstruments, Vienna, Austria). Reactions were initiated by 
the addition of 0.005-0.025 mL of serum or bone extract, to a 
total reaction volume of 0.3 mL (in 96 place microtiter plate 
wells) containing 10 mmol/L PNPP, 1 mmol/L MgCl2> and 150 
mmol/L carbonate buffer (pH 10). The reaction mixtures for the 
serum assays also contained 10 mmol/L L-phenylalanine, to 
inhibit circulating intestinal ALP activity. ALP activity was 
calculated as units per liter of serum and milliunits per milligram 
dry weight of bone, where 1 U is defined by the conversion of 1 
|i,mol of substrate to product per minute at room temperature 
(25°C). 

Measurement of Osteocalcin in Serum and Extracts of Femora 

Osteocalcin was measured in serum and extracts of femora by 
radioimmunoassay (RIA), as in our previous studies, using kit 
components purchased from Biomedical Technologies (Staugh- 
ton, MA). Duplicate aliquots of each serum sample and bone 
extract were measured and the average value was used for the 
analyses. Serum osteocalcin is expressed as milligrams per liter 
of serum, and bone extract osteocalcin expressed as nanograms 
per milligram of dry weight of bone. 

Statistical Analysis 

Data are presented as the averages of replicate samples in each 
group (usually as mean ± SEM). Analytical methods include 
analysis of variance (ANOVA), Pearson correlation, paired com- 
parisons (e.g., for right vs. left legs from the same animal), and 
nonparametric analyses, using SYSTAT statistical software (Systat 
Inc., Evanston, IL). 
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Table 1. Results of preliminary study: cross-sectional areas at the tibiofibular junction 

Treatment group 

Cross-sectional area (mm2) 

Mouse strain (n) Total area (B.Ar) Medullary area (Ma.Ar) 

C3H (8) 
C3H (8) 
B6(7) 
B6(7) 

Neurectomy-right 
Neurectomy-left 
Neurectomy-right 
Neurectomy-left 

0.930 ± 0.025 
0.959 ± 0.039 
0.871 ± 0.016 
0.911 ±0.035 

0.120 ± 0.007 
0.125 ± 0.009 
0.259 ± 0.016" 
0.325 ± 0.032" 

Cross-sectional areas were measured at the tibiofibular junction of C3H and B6 mice subjected to sciatic 
neurectomy (the left leg, neurectomy-left), compared with the contralateral control (the right leg, neurectomy- 
right), 21 days after the procedures. Data are presented as mean ± SEM (n = 7 or 8 mice per group, as 
indicated). 
"Significant difference, compared with C3H mice, p < 0.001. There were no significant effects of the sciatic 
neurectomy on either cross-sectional area. 

Results 

Our preliminary (feasibility) study of sciatic neurectomy in C3H 
and B6 mice showed a greater medullary area at the tibiofibular 
junction in B6 mice compared with C3 mice, but no effects of 
neurectomy. These results are summarized in Table 1. Although 
the procedure was effective (i.e., the leg was denervated by the 
resection), the immobilization was without apparent effect (i.e., 
the -25% measured difference in the medullary area in the 
B6-neurectomized leg, compared with the contralateral control, 
was not significant). Reasoning that a time-dependent effect 
might become more evident with a longer postoperative period 
and that a greater number of mice in each group would increase 
our power to detect a smaller significant difference, we planned 
a second, longer study, with an increased number of mice in each 
group. We also amended the study design to include two addi- 
tional groups of sham-operated mice (one for each strain) as an 
additional control for the immobilized legs. We anticipated that 
these additional control groups would allow us to compare the 
right (control) legs of the neurectomized and sham groups to 
determine whether the left leg immobilization resulted in com- 
pensatory right leg overloading, distorting our interpretation of 
the effects of immobilization (i.e., if the right legs of the 
neurectomized mice were not different from the right legs of the 
sham-operated mice, we would discount the possibility of 
compensatory overloading). 

Table 2 summarizes the results of the sciatic neurectomy 
study, with respect to body weight and two presumptive 
indices of the (systemic average) rate of bone formation— 
serum ALP activity and serum osteocalcin. Although the body 
weights of both strains of mice were increased during the 

study (i.e., as the mice grew between 9 and 13 weeks of age), 
there were no significant differences in final body weight 
between the neurectomized and sham-control mice or between 
the C3H and B6 mice in either treatment group. We observed 
significant decreases in serum ALP activity, between 9 and 13 
weeks of age, in both strains of mice, but, again, no effects of 
neurectomy on this systemic index of the rate of bone forma- 
tion. The only significant change in serum osteocalcin was a 
decrease in the B6 sham-surgical group, compared with the 
basal controls. Although these data demonstrate that 4 weeks 
of hindlimb immobilization, following sciatic neurectomy, did 
not produce changes in body weight, serum ALP activity, or 
serum osteocalcin, further studies may be required to assess 
more carefully the possibility of changes in serum osteocalcin 
(i.e., timed collection of serum and feeding restrictions 
can reduce the effects of diurnal variation on serum 
osteocalcin). 

Our bone extraction studies (summarized in Table 3) re- 
vealed significant differences in femur dry weight, ALP per 
milligram bone, and osteocalcin per milligram bone, between the 
9-week-old basal control groups and the 13-week-old sham and 
neurectomized groups of each strain. In addition, our measure- 
ments of femur dry weight showed the anticipated differences 
between the bones of C3H and B6 mice, in every treatment 
group, but no effects of neurectomy. There were no differences 
in ALP activity per milligram dry weight of bone between the 
C3H and B6 mice or between the neurectomized and sham- 
operated mice of either strain. There were, however, differences 
in extractable osteocalcin (expressed as nanograms per milligram 
dry weight) between the C3H and B6 mice at 13 weeks of age. 

Table 2. Alkaline phosphatase (ALP) and osteocalcin in serum 

Strain—treatment Final body Weight gain ALP activity Osteocalcin in 
(number of samples) weight (g) 

18.5 ± 0.4 

(g) in serum (U/L) serum (mg/L) 

C3H—basal (10)   195 ±6 35.6 + 4.8 
C3H—sham (8) 20.4 ± 0.6* 2.4 ± 0.3 147 ± 8b 34.5 + 5.0 
C3H—neurectomy (10) 19.7 ± 0.2" 3.0 ± 0.2 166 ± 8" 22.1 + 4.1 
B6—basal (10) 18.3 ± 0.2   208 ± 10 54.8 + 6.6 
B6—sham (10) 21.1 ±0.3b 3.0 ± 0.2 148 ± 4b 29.0 + 3.3b 

B6—neurectomy (10) 20.5 ± 0.2b 
2.5 ± 0.3 162 ± llb 37.8 ± 3.7 

Sera used for measurements of ALP activity and osteocalcin as described in Methods (two sera from the C3H 
sham group were lost). Final body weights determined at 9 weeks for the basal group and 13 weeks for treatment 
groups. Weight gain reflects the treatment interval of 9-13 weeks. All data shown as mean ± SEM. There were 
no significant differences between C3H and B6 mice receiving the same treatment (i.e., basal, sham, or 
neurectomized). There were no significant differences between the neurectomized and sham-surgical control 
groups of either strain (i.e., no effects of neurectomy). 
Different from the basal control group of the same strain (i.e., C3H or B6), at "p < 0.05 or bp < 0.005. 
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Table 3. Alkaline phosphatase (ALP) and osteocalcin in extracts of femora 

Strain— 
Right (control) femur Left (neurectomized) femur 

treatment Weight ALP Osteocalcin Weight ALP Osteocalcin 

C3H—basal 34.6 ± 1.6 15.6 ± 1.5 0.20 ± 0.02 35.0 ± 0.9 21.3 ±1.1 0.14 ± 0.02 
C3H—sham 43.9 ±1.1" 7.1 ± 0.6b 0.28 ± 0.05 43.1 ± 1.2b 8.0 ± 0.8b 0.33 ± 0.06" 
C3H—neurectomized 44.8 ± 0.9" 5.4 ± 0.3b 0.24 ± 0.03c 43.4 ± 0.9b 6.3 ± 0.5b 0.34 ± 0.05" 
B6—basal 30.2 ± 1.6 18.5 ± 1.6 0.23 ± 0.05 28.0 ± 2.0d 21.8 ± 2.9 0.20 ± 0.03 
B6—sham 36.5 ± 0.5ad 9.2 ± 0.8" 0.18 + 0.02 35.5 ± l.lbd 9.5 ± 0.8b 0.20 ± 0.03 
B6—neurectomized 35.8 ± 1.2ad 7.2 ± 0.6b 0.12 ± 0.02 34.3 ± 1.5ad 8.7 ± 0.8b 0.16 ± 0.02d 

The left (neurectomized) and right (control) femora from each mouse (n = 10/group) were extracted for measurements of ALP activity, dry weight, 
and osteocalcin, as described in Methods. ALP activity and osteocalcin expressed as milliunits per milligram dry weight and nanograms per milligram 
dry weight, respectively. All data shown as mean ± SEM. There were no significant differences between the neurectomized (left) legs and the 
contralateral controls in the neurectomized mice or between the neurectomized (left) legs and the sham-surgical (left) legs of either strain (i.e., no effects 
of neurectomy). 
Different from basal control group (right or left leg, as appropriate) of the same strain at "p < 0.05 or bp < 0.005. 
Different from C3H mice receiving the same treatment (i.e., basal control, sham surgery, or neurectomized, comparing right or left leg, as appropriate) 
at cp < 0.05 or dp < 0.005. 

We found no effects of neurectomy on femur dry weight, ALP 
activity per milligram dry weight, or extractable osteocalcin per 
milligram dry weight. 

Our histological measurements of ground sections prepared at 
the tibiofibular junction showed that the 9-week-old basal control 
mice had similar total bone areas (B.Ar = 0.829 ± 0.012 mm2 

for C3H mice, compared with 0.827 ± 0.018 mm2 for B6 mice), 
but differed greatly with respect to medullary area. (See Figure 2 
for exemplary photographs of the ground sections prepared at 
this sampling site.) The medullary area in B6 mice (0.341 ± 
0.017 mm2) was about 94% greater than in C3H mice (0.176 ± 
0.005 mm2,p < 0.001). As summarized in Table 4, these studies 
also revealed a neurectomy-dependent increase in medullary area 
at the tibiofibular junction of the B6 mice. This difference was 
also significant compared with sham-operated controls.* In con- 

*Although the appearance of irregular periosteal woven bone formation in 
some (but not all) of the ground sections prepared from the neurectomized 
mice (i.e., at the tibiofibular junction) precluded accurate measurements of 
total bone area, we estimated total bone area by excluding the new periosteal 
bone from our measurements. These estimates indicate no differences in 
total bone area at this sampling site—either between the two strains of mice 
or between the treatment groups. These estimates also suggest that the 
neurectomy-dependent increase in medullary area in the B6 mice was 
associated with a decrease in cortical bone area from 63.8% to 57.1 % of total 
bone area, p < 0.5 (i.e., from 0.551 ± 0.21 mm2 to 0.517 ± 0.20 mm2). 

trast to these results, we found no effect of neurectomy on 
medullary area at the tibiofibular junction in the C3H mice. 

There were two noteworthy findings from our histomorpho- 
metric measurements of ground sections prepared from the tibiae 
of sham-operated mice. First, we found no difference in any 
measured parameter between the left (sham-surgical) and right 
(sham contralateral control) tibiae in either C3H or B6 mice (i.e., 
between-legs variations in the sham-surgical mice were less than 
or equal to within-leg variations). Therefore, we combined the 
data from the left and right legs of these animals and report 
average values, for the sham-surgical mice, in Table 4 and Table 
5 and in Figures 1 and 2 and Figure 3. Second, we found no 
difference in any measured parameter between the right (con- 
tralateral control) legs of the neurectomized and sham-surgical 
groups of either strain of mice. (In other words, we found no 
evidence of compensatory overloading in the right leg of the 
neurectomized mice.) 

Our assessments of endosteal resorbing (i.e., eroded) perimeter 
showed neurectomy-dependent increases in both strains of mice. As 
shown in Table 4 and Figure 3, we found that the length of endosteal 
eroded perimeter (E.Pm) was increased in the neurectomized (left) 
legs of C3H mice, compared with both the contralateral (right) legs 
and the average values for both legs of the sham-operated controls. 
This apparent effect of neurectomy was even more pronounced in 
the B6 mice. Our histological assessments at the tibiofibular junc- 
tion also revealed that the length of the endosteal bone forming 

Table 4. Histologie measurements at the tibiofibular junction 

Mouse Treatment Medullary area Eroded perimeter Labeled perimeter Mineral apposition rate 
strain group (Ma.Ar, mm2) (E.Pm/tot.Pm, %) (sL.Pm/tot.Pm, %) (MAR, u.m/day) 

C3H Sham surgery 0.157 ± 0.006 31.1 ± 1.2 59.8 ± 3.2   
C3H Neurectomy-right 0.138 ± 0.009° 30.8 ± 1.7 69.2 ± 1.7 1.38 ± 0.07 
C3H Neurectomy-left 0.126 ± 0.017a 47.2 ± 4.9ad 52.8 ± 4.9° 1.33 ± 0.10 
B6 Sham surgery 0.294 ± 0.009f 20.8 ± 1.8 0.673 ± 0.044 — 
B6 Neurectomy-right 0.313 ± 0.020f 16.8 ± 2.9e 78.3 ± 3.4 1.11 ±0.07" 
B6 Neurectomy-left 0.388 ± 0.019^ 88.3 ± 2.9Mf 9.6 ± 3.1Mf 0.64 ± 0.18cf 

Ground sections prepared at the tibiofibular junction of bones from the immobilized (neurectomy, left) and contralateral control legs (neurectomy, right) 
of the neurectomized mice, and from both legs of the sham-surgical mice (n = 10 for each). All data shown as mean ± SEM. Endosteal eroded 
(resorbing) and noneroded, single-labeled (forming, using the second calcein marker) perimeter lengths expressed as percent of total endosteal perimeter 
length. 
Different from sham-surgical controls at ap < 0.05 or bp < 0.005. 
Different from neurectomy-right (control) at cp < 0.05 or dp < 0.005. 
Different from C3H mice receiving the same treatment at "p < 0.01 or 'p < 0.001. 
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Treatment 
group 

Absolute lengths of perimeters Relative lengths of perimeters 

Mouse strain 
(sL.Pm/tot.Pm) (n) 

Eroded 
(E.Pm, mm) 

Labeled 
(sL.Pm, mm) 

Eroded (%) 
(E.Pm/tot.Pm, %) Labeled (%) 

C3H (7) 
C3H (8) 
C3H (8) 
B6(8) 
B6(8) 
B6(8) 

Sham 
Neurectomy-right 
Neurectomy-left 
Sham 
Neurectomy-right 
Neurectomy-left 

0.360 ± 0.030 
0.368 ± 0.047 
0.439 ± 0.038 
0.157 ± 0.033 
0.158 ± 0.038 

1.15 ± 0.13abd 

1.66 ± 0.05 
1.78 ± 0.06 
1.58 ± 0.079 
3.16 ± 0.07d 

3.20 ± 0.09d 

2.13 ± 0.02abd 

17.5 ± 1.6 
16.8 ± 1.9 
21.0 ± 1.8 
4.0 ± 0.9d 

4.6 ± 1.1" 
32.9 ± 3.8abd 

79.0 ± 1.9 
81.7 ± 2.3 
75.8 ± 3.3 
95.1 ± 1.2C 

93.2 ± 1.7 
61.0 ± 5.6abc 

Ground sections (30 u.m) prepared 6 mm distal to the proximal end of tibiae from immobilized (neurectomy-left), and control (neurectomy-right) legs 
of neurectomized mice, and sham-surgical controls (sham), (n = 7 or 8 for each group, all intact bones were analyzed, see Methods). Data shown as 
mean ± SEM. Endosteal eroded (resorbing) and noneroded, single-labeled (forming, using the second calcein marker) perimeters measured as absolute 
lengths (mm) and also expressed as percent of total endosteal perimeter. 
"Different from sham-surgical controls atp < 0.005. bDifferent from neurectomy-right (control) atp < 0.005. 'Different from C3H mice receiving same 
treatment at p < 0.05 or dp < 0.005. 

perimeter (measured as the noneroded length of endosteal perimeter 
stained with the final calcein label, given 2 days before killing 
[sL.Pm]) was decreased dramatically by neurectomy in B6 mice, but 
was unchanged in C3H mice. These results are shown in Table 4 
and Figure 4. The time dependence of the effect of sciatic neurec- 
tomy to decrease the length of the endosteal bone forming perimeter 
(i.e., sL.Pm) in B6, but not C3H mice, is shown in Figure 5. Finally, 
the effect of sciatic neurectomy to decrease the rate of endosteal 
mineral apposition (MAR) in B6, but not C3H, mice is summarized 
in Table 4. 

We did not assess the effects of sciatic neurectomy on total bone 
area at the tibiofibular junction, because we observed irregular 
periosteal woven bone formation in more than half of the immobi- 
lized legs (see the example in Figure 2B). Although we postulated 
that the mice gnawing on their numb hindlimbs caused this perios- 
teal formation, we could not dismiss the possibility that this perios- 
teal formation also affected our measurements at the endosteal 
surface. To address this possibility, we made additional measure- 
ments of ground sections prepared from a secondary site—in the 
proximal metaphysis—which was free of such irregular periosteal 

formation. (Exemplary photographs of ground sections prepared at 
this proximal tibial site are also shown in Figure 2.) These supple- 
mental studies showed that both total bone area and medullary area 
were greater at this anatomical site in the B6 sham-operated mice 
(1.45 ± 0.02 mm2 and 0.636 ± 0.13 mm2, respectively), compared 
with the C3H sham-operated mice (1.07 ± 0.02 mm2 and 0.285 ± 
0.009 mm2, p < 0.001 for each). Again, we found no difference, in 
any measured parameter, between the sham-operated left leg and the 
contralateral right leg of the sham-operated mice of either strain and, 
therefore, we combined the data from both legs of the sham- 
operated mice. Our histomorphometrical measurements at this prox- 
imal tibial site showed no effect of neurectomy on either total bone 
area or medullary area in either strain of mice; the results of our 
measurements of endosteal forming (noneroded, single-labeled) and 
resorbing (eroded) perimeters are summarized in Table 5. Although 
we found no effect of sciatic neurectomy on the length of either 
perimeter at this proximal tibial sampling site in the C3H mice, we 
found a neurectomy-dependent increase in the length of eroded 
(resorbing) perimeter and a neurectomy-dependent decrease in the 
length of single-labeled (forming) perimeter in the B6 mice. 

sham       right        left       sham       right       left 

C3H Mice B6 Mice 

Figure 3. Effect of immobilization on endosteal resorbing surface in 
C3H and B6 mice. Length of endosteal eroded perimeter (mm), measured 
at 28 days, in ground sections prepared at the tibiofibular junction. Data 
shown as mean ± SEM for the neurectomized (left) legs of neurecto- 
mized C3H and B6 mice ("left"), the contralateral control legs of 
neurectomized mice ("right") and sham-surgical controls ("sham"). "Dif- 
ferent, compared with "sham" of the same strain, at p < 0.05 or bp < 
0.001. 'Different, compared with the "right" legs of the same strain at 
p < 0.05 ord/> < 0.001. 

sham       right        left       sham      right       left 

C3H Mice B6 Mice 

Figure 4. Effect of immobilization on endosteal forming surface in C3H 
and B6 mice. Length of endosteal, noneroded, single-labeled perimeter 
(mm), measured at 28 days, in ground sections prepared at the tibiofib- 
ular junction. Data shown as mean ± SEM for the neurectomized (left) 
legs of neurectomized C3H and B6 mice ("left"), the contralateral control 
legs of neurectomized mice ("right"), and sham-surgical controls 
("sham"). "Different, compared with "sham" of the same strain, at p < 
0.001. bDifferent, compared with "right" legs of the same strain, at p < 
0.001. 
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~     120 

C3H Mice 

12 3        4 

B6 Mice 

Figure 5. Time-dependent effect of immobilization on endosteal form- 
ing surface in C3H and B6 /nice. Length of endosteal, noneroded, 
single-labeled perimeter, measured in ground sections prepared at the 
tibiofibular junction, for each fluorescent label—labled 1, 2, 3, and 4 (see 
Methods for labeling schedule). Average values observed in neurecto- 
mized (left) legs of neurectomized mice are expressed as the percent of 
values observed in the sham-surgical controls of the same strain. Data 
shown as mean ± SEM (n = 10) for each group. *Different, compared 
with the sham-surgical controls, at p < 0.001. Two-way ANOVA 
revealed effects of neurectomy and time (p < 0.001 for each). 

Discussion 

The results of the current studies indicate that sciatic neurectomy 
had differential effects on bone formation and resorption in the 
tibiae of C3H, compared with B6, mice. The left-side denervation 
decreased bone formation indices in the tibiae of B6 mice, but had 
no such effect in the tibiae of C3H mice. Although sciatic neurec- 
tomy increased the length of the endosteal bone resorbing (eroded) 
perimeter in the tibiae of both strains, the effect was greater (both in 
absolute and relative terms) in the B6 mice. We did not observe a 
systemic response (i.e., in serum ALP or serum osteocalcin), nor did 
we see a difference in ALP or osteocalcin in extracts of femora, 
suggesting that the skeletal effects of immobilization were localized 
and greatest in the most distal regions of the hindlimb skeleton. 

The effect of sciatic neurectomy to increase bone resorption at 
the tibiofibular junction in the B6 mice (e.g., a 325% increase in 
eroded perimeter/total endosteal perimeter, p < 0.001) was consis- 
tent with effects observed at the proximal tibial site (e.g., a 722% 
increase in eroded perimeter/total endosteal perimeter, p < 0.001) 
and with previous reports of the effects of immobilization to in- 
crease bone resorption.12,1626'27,32 In contrast, our studies showed a 
relatively small effect of sciatic neurectomy to increase bone resorp- 
tion at the tibiofibular junction of the C3H mice (e.g., a 51% 
increase in eroded surface/total endosteal surface, p < 0.05) and no 
significant effect on bone resorption in the proximal tibia] site. It is 
of interest to speculate that these differences in the effects of 
immobilization to increase bone resorption in the bones of C3H and 
B6 mice may be related to differences in the availability and/or 
responsiveness of osteoclast progenitor cells. (We have recently 
reported that the marrow of B6 femora contains more osteoclast 
progenitors than the marrow of C3H femora.21) Further studies are 
required to address this new hypothesis. 

Further studies are also required to address a parallel hypothesis 
concerning the differential effects of immobilization on bone for- 
mation indices in these two inbred strains of mice. The effects of 
sciatic neurectomy to inhibit bone formation at the tibiofibular 
junction of the B6 mice (e.g., an 86% decrease in noneroded, 
single-labeled perimeter/total endosteal perimeter, p < 0.001) was 
consistent with decreases seen in the proximal tibial site (e.g., a 36% 

decrease in noneroded, single-labeled perimeter/total endosteal pe- 
rimeter, p < 0.05) and with previous reports of immobilization- 
dependent decreases in formation.' Although our studies show that 
immobilization had no such effect to inhibit endosteal bone forma- 
tion in the tibiae of C3H mice, our data also indicate that the effect 
of sciatic neurectomy to decrease the length of the endosteal bone 
forming perimeter in the tibiae of B6 mice was time-dependent. 
Therefore, it is possible that a longer study would reveal a similar 
decrease in the length of the endosteal bone forming perimeter in the 
tibiae of C3H mice. With regard to mechanism, it is of interest to 
speculate that this unexpected difference may be related to differ- 
ences in the availability and/or activity of osteoblast-line cells in 
C3H, compared with B6, mice.9 This hypothesis would be consis- 
tent with previous studies showing that differences in the recruit- 
ment and/or differentiation of osteoblast and osteoclast progenitor 
cells were associated with (and may be responsible for) peak bone 
density differences between C3H and B6 mice2,3,5,6,9,21,25 and the 
low bone density of SAMP6 mice.7,14 It is also of interest to 
speculate that differences in the recruitment and activity of bone 
forming and resorbing cells in C3H and B6 mice may be related to 
differences in circulating levels of growth hormone, IGF-I, or 
1,25-dihydroxyvitamin D. Previous studies have shown that serum 
growth hormone levels are higher in C3H mice than in B6 mice,28 

as are circulating and skeletal levels of IGF-I,24 and that circulating 
levels of 1,25-dihydroxyvitamin D are higher in B6 mice compared 
with C3H mice.8 

With regard to the unexpected (and troublesome) observation of 
irregular woven bone formation on the periosteum of the immobi- 
lized tibiae of many (about 70%) of the neurectomized mice, we 
believe that it was caused by gnawing and not by neurectomy. The 
periosteal formation was irregular and localized to a variable region 
just adjacent to the tibiofibular junction, and the following two 
observations suggest that it did not compromise the interpretation of 
the endosteal changes that we reported. First, we observed the same 
patterns of neurectomy-dependent and mouse-strain-specific en- 
dosteal changes in both forming and resorbing perimeter lengths at 
the tibiofibular junction (where the periosteal formation was ob- 
served) and at a second endosteal site, at the proximal end of the 
tibia (where periosteal formation was not observed in any of the 
mice). Second, the periosteal formation was variable, both in occur- 
rence and degree, yet the pattern of the endosteal changes (e.g., the 
neurectomy-dependent changes in the lengths of forming and 
resorbing perimeters in the B6 mice) was similar in all the animals 
(i.e., there was no association between the degree of periosteal 
formation and the degree of endosteal change). Although these 
findings support our contention that the endosteal changes reported 
in response to sciatic neurectomy were dependent on the periosteal 
formation, we cannot dismiss that possibility. Further studies (e.g., 
using hard plastic sheathing to protect the immobilized hindlimb 
from gnawing) will be necessary to resolve this issue. 

Further studies will also be required for a more extensive 
histomorphometrical analysis (using decalcified thin sections) of the 
skeletal responses of C3H and B6 mice to hindlimb immobilization 
by sciatic neurectomy. We believe that such studies are warranted, 
because the current data indicate that histomorphometry provides 
the most sensitive index of neurectomy-dependent changes in the 
rates of bone formation and resorption. (The current studies revealed 
immobilization-dependent changes in histomorphometric indices of 
bone formation and resorption, without concomitant changes in 
serum or bone extract indices of either process.) Furthermore, thin 
sections will allow for specific identification of osteoblasts and 
osteoclasts (i.e., by staining for ALP and acid phosphatase activity, 
respectively), as well as quantitation of osteoid and mineralized 
bone. Finally, sagittal thin sections of tibial metaphysis will allow us 
to determine whether the effects of sciatic neurectomy that we 
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observed in endosteal cortical bone are similarly evident in cancel- 
lous (trabecular) bone. 

In summary, the current studies indicate that B6 mice are more 
sensitive to bone loss from hindlimb immobilization than C3H 
mice. Because these are highly inbred strains, this observation 
suggests that the effects of immobilization to increase bone resorp- 
tion and to decrease bone formation are genetically determined and, 
thus, may be amenable to QTL analysis. Further studies are required 
to test the new hypothesis that C3H and B6 mice will show 
analogous (i.e., opposing) strain-specific differences in their skeletal 
responses to supplemental mechanical loading. Further studies will 
also be required to determine whether the genetic and cellular 
mechanisms that determine peak bone density in C3H and B6 mice 
are also determinants of the effects of immobilization and loading. 
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Histomorphometric Studies Show That Bone Formation and 
Bone Mineral Apposition Rates Are Greater in C3H/HeJ 
(High-Density) Than C57BL/6J (Low-Density) Mice 
During Growth 
M. H.-C. SHENG,1 D. J. BAYLINK,1 W. G. BEAMER,2 L. R. DONAHUE,2 C. J. ROSEN,3 K.-H. W. LAU,1 

and J. E. WERGEDAL1 
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3Maine Center for Osteoporosis Research, Bangor, ME, USA 

High-density C3H/HeJ (C3H) and low-density C57BL/6J 
(B6) mice, with femoral bone density differing by 50%, were 
chosen as a model to investigate the mechanisms controlling 
peak bone density and to map peak bone density genes. The 
present longitudinal study was undertaken to further estab- 
lish the bone biologic phenotypes of these two inbred strains 
of mice. To evaluate phenotypic differences in bone forma- 
tion parameters in C3H and B6 mice between the ages of 6 
and 26 weeks, undecalcified ground sections from the diaph- 
yses of the tibia and femur were prepared from mice receiv- 
ing two injections of tetracycline. Histomorphometric analy- 
ses revealed that the cortical bone area was significantly 
greater (16%-56%,/> < 0.001) in both the femur and tibia of 
the C3H mice than in the B6 mice at all timepoints. This 
difference in cortical bone area was due to significantly 
smaller medullary areas in the C3H mice than in the B6 mice. 
The bone formation rates (BFR) at the endosteum in both the 
femur and tibia were significantly greater (28%-117%,p < 
0.001) in the young C3H mice (6-12 weeks old) than in B6 
mice. The higher bone formation in C3H mice was associated 
with higher values of the bone mineral apposition rate (25%- 
94%, p < 0.001), and was not associated with higher values 
of the forming surface length as measured by tetracycline 
label length. Similar interstrain differences in mineral appo- 
sition and bone formation rates were observed in the perios- 
teum of the femur and tibia. In conclusion, the greater bone 
area in the high-density C3H mice vs. the low-density B6 
mice was, in part, due to the greater periosteal and endosteal 
bone formation rates during growth in the C3H mice. Be- 
cause the C3H and B6 mice were maintained under identical 
environmental conditions (diet, lighting, etc.), the observed 
interstrain differences in bone parameters were the result of 
the action of genetic factors. Consequently, these two inbred 
strains of mice are suitable as a model to identify genetic 
factors responsible for high bone formation rates. (Bone 25: 
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Introduction 

Peak bone mass is an important determining factor of future 
fracture risks in humans. There is an abundance of evidence in 
humans indicating that genetic factors can determine up to 70% 
of variation in peak bone mass.3-5-6,1 M6 Accordingly, it is 
essential to understand the contribution of genetic factors to peak 
bone mass. With the exception of identical twins, the genetic 
background in humans varies significantly from one individual to 
another, making studies of genetic involvement in a given bone 
phenotype in humans difficult. Inbred mice, which possess iden- 
tical genetic backgrounds, provide excellent animal models for 
assessing the involvement of genetic factors in the determination 
of a given phenotype and, therefore, would be ideal for investi- 
gating genetic contributions to peak bone mass. 

We have recently demonstrated that two inbred strains of 
mice, namely C3H/HeJ (C3H) and C57BL/6J (B6), display a 
profound difference in peak bone density. The femur density 
(measured by peripheral quantitative computed tomography, or 
pQCT) in the adult C3H mice is 53% higher than that of the B6 
mice.2 The difference in femur bone density is not due to 
differences in body size, because these mice do not differ 
significantly in body weight. Therefore, these two mouse strains 
have been selected as the basis of an animal model to assess 
genetic regulation of peak bone mass. 

Bone mass is regulated by the balance of bone formation and 
resorption rates. Our recent studies with biochemical markers re- 
vealed that the C3H mice (high-bone-density mice) exhibited a 
significantly higher level of alkaline phosphatase activity in serum 
and in bone extracts, than did the B6 mice.4 The C3H mice 
possessed higher insulin-like growth factor (IGF-1) levels in serum 
and bone extracts than the B6 mice.12 These biochemical studies 
raise the strong possibility that the bone formation rate in the C3H 
mice was elevated compared with the B6 mice and, as such, 
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suggesting that the phenotype of increased bone density in the C3H 
mice may be due, in part, to a greater bone formation rate. 

Previous pQCT data also indicate that the difference in 
femoral density between the C3H and B6 mice could be detected 
by as early as 8 weeks of age. Thus, it is conceivable that the 
gene(s) responsible for the phenotype of an increased femoral 
density may be expressed at an early age. Moreover, there is also 
evidence that the difference between strains in bone density is 
seen in the vertebrae, phalanges, and tibia,2 raising the possibility 
that the phenotype of high bone density in C3H mice is not 
unique to the femur. 

The present study sought to test three hypotheses using bone 
histomorphometry: (1) the C3H mice have a greater bone for- 
mation rate than the B6 mice; (2) the difference in bone forma- 
tion between strains is seen in endosteal and periostea! bone sites 
of both tibia and femur; and (3) the difference in bone formation 
rate between strains occurs during the early development of peak 
bone mass. To test these three hypotheses, and to further estab- 
lish the bone biologic phenotypes of these inbred mice, we 
conducted a longitudinal study to evaluate differences in histo- 
morphometric bone formation parameters in the C3H and B6 
inbred mice at the ages of 6, 8, 12, 16, and 26 weeks. These age 
groups are appropriate for assessing phenotypic differences dur- 
ing peak bone mass development in these mice, because it has 
been shown that these inbred mice reach peak bone mass at 
approximately 16 weeks of age.2 Due to the fact that the majority 
of bone in the femur and tibia is cortical rather than trabecular, 
we concentrated on evaluating the cortical bone using ground 
sections of the diaphysis. Measurement of tetracycline labels on 
bone surfaces in this study provided the histomorphometric data 
that revealed large differences between C3H and B6 mice in 
bone formation rate at both periosteal and endosteal surfaces. 
The differences in bone formation rates were due largely to 
different mineral apposition rates (MAR), rather than to different 
forming surface lengths, as assessed by tetracycline-labeled sur- 
face (TLS). Finally, the differences in these bone formation 
parameters were seen only in the young, growing mice of 6-12 
weeks of age, but not in the older, mature animals. 

Methods and Materials 

Animals 

Female C3H/HeJ (C3H) and C57BL/6J (B6) inbred mice of 6, 8, 
12, 16, and 26 weeks of age, respectively (n = 6-11 per group), 
were used in this experiment. The mouse colonies were main- 
tained and housed in an accredited animal care facility at the 
Jackson Laboratory (Bar Harbor, ME). The mice for each age 
were randomly selected from several litters (average litter size 
did not differ between strains) and housed in a controlled envi- 
ronment in groups of three or four from weaning until necropsy. 
The mice were fed an autoclaved NIH 31 diet (modified to 6% 
fat content) obtained from Purina Mills, Inc. (St. Louis, MO) and 
given acidified (HC1, pH 2.8-3.1) water. The bedding provided 
was autoclaved white pine shavings. Each animal was first 
labeled with achromycine (20 mg/kg) and then with demeclocy- 
cline (20 mg/kg) with a 6 day interval. One day after the second 
label, the mice were killed and both tibiae and femora were 
removed (with muscle) from each animal. The bones were fixed 
with 10% cold neutral buffered formalin for 4-5 h, rinsed to 
remove extra formalin, placed in 70% ethanol, and were then 
immediately shipped to the Jerry L. Pettis Memorial VA Medical 
Center. The bones were stored at 4°C until processing for 
analysis. The animal protocol was reviewed and approved by the 
animal care and use committee of the Jackson Laboratory. 

Preparation of Bone Samples 

The femora and tibiae were defleshed and a thin cross section 
(0.5 mm thickness) was removed from the middiaphysis of the 
femur (1 mm distal to the midpoint between the greater trochan- 
ter and the distal end) or from the tibial diaphysis just proximal 
to the fibular junction, respectively, with a low-speed saw 
(Isomet, Buehler, Lake Bluff, IL). The cross sections were then 
ground to 30 u,m in thickness, mounted in aqueous Fluoro- 
mount-G (Fisher Scientific, Pittsburgh, PA), and examined under 
an Olympus BH-2 fluorescence/bright-field microscope. 

Histomorphometric Measurements 

All bone histomorphometric parameters were measured with the 
OsteoMeasure system equipped with a digitizing tablet (Osteo- 
Metrics, Atlanta, GA) and a color video camera (Sony, Japan). 
Tetracycline measurements were made at a total magnification of 
600 X (20 X microscope objective and 30 X camera magnifica- 
tion), whereas the measurements of bone area were made at a 
total magnification of 60X (2X microscope objective and 30X 
camera magnification). Cortical bone area was calculated by 
subtracting the medullary area from the total cross-sectional bone 
area. The tetracycline-labeled surface (TLS, in millimeters) was 
calculated as the sum of the length of double labels (dL) plus one 
half of the length of single labels (sL) along the entire endosteal 
or periosteal bone surfaces; that is, TLS = dL + 0.5sL.7 The 
mineral apposition rate (MAR, in microns per day) was deter- 
mined by dividing the mean of the width of the double labels by 
the interlabel time (6 days). The bone formation rate (BFR) was 
calculated by multiplying MAR by TLS and was expressed in 
mm2 X 10 3/day. The methodological coefficients of variation 
for each parameter, which were determined by analysis of vari- 
ance (ANOVA) of three repeated measurements on five different 
bone specimens, were as follows: area, 0.78%-l .86%; perimeter, 
0.57%-1.36%; label length, 6.44%; and label width, 4.98%. 

Data Presentation and Statistical Analysis 

Because there was a difference in size between the two strains of 
mice, the bone formation data were presented in two alternative 
ways; that is, using a bone surface referent (BFR/BS and TLS/ 
BS) and using a total cross-sectional referent (BFR/TCS and 
TLS/TCS). The data are expressed as mean ± SEM. Two-way 
ANOVA was used to analyze independent effects of mouse 
strain and age, and also the interaction between mouse strain and 
age. The difference between mouse strains at a given age was 
analyzed using the Tukey honestly significant difference (HSD) 
post hoc multiple comparison test. All statistical analyses were 
performed with SYSTAT statistical software (Systat, Evanston, IL) 
on a personal computer. Differences were considered statistically 
significant when p < 0.05. Because the pattern of interstrain 
differences was not the same for young (6-12-week-old) mice 
and mature (16-26-week-old) mice, the statistical analysis was 
done separately for young and mature mice. 

Results 

Total Cortical Bone Area 

Femur. Gross morphometric analysis of the ground sections from 
the middiaphysis of the femur indicated that the femoral cortical 
bone area in high-density C3H mice was significantly (p < 0.001, 
ANOVA) larger than that of low-density B6 mice (Figures 1 and 
2A). The difference in cortical bone area between C3H and B6 
increased with age (i.e., by 16% at 6 weeks, 16% at 8 weeks, 31% 
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Figure 1. Photomicrograph (35 X) comparing the diaphyseal cross sec- 
tion from the femur of an 8-week-old B6 mouse with the cross section 
from a C3H mouse. 

at 12 weeks, 36% at 16 weeks, and 56% at 26 weeks, respectively). 
Consequently, these findings indicate that C3H mice, in addition to 
having a higher femoral bone density,2 also had a larger femoral 
cortical bone volume. The medullary area in C3H mice was also 
significantly less (by approximately 50%) than that in B6 mice of 
each test age (Figure 2B). Because the total bone cross-sectional 
area was smaller in the C3H mice than in the B6 mice (Figure 2C), 
the difference in medullary area was primarily responsible for the 
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Figure 2. Plot of cortical bone area, medullary area, and total cross- 
sectional area for C3H and B6 mice aged 6-26 weeks (n = 7-11) at 
middiaphysis of the femur. ANOVA showed that the C3H mice had a 
greater cortical bone area, smaller medullary area, and smaller total 
cross-sectional area than the B6 mice. Data given as mean ± SEM. *p < 
0.05; **p < 0.01; ***p < 0.001, by Tukey's HSD posthoc test. 
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Figure 3. Plot of cortical bone area, medullary area, and total cross- 
sectional area for C3H and B6 mice aged 6-26 weeks (n = 7-11) at the 
tibiofibular junction of the tibia. ANOVA indicated that the C3H mice 
had a larger cortical bone area, smaller medullary area, and greater total 
cross-sectional area than the B6 mice. Data given as mean ± SEM. *p < 
0.05; **p < 0.01; ***p < 0.001 by Tukey's HSD post hoc test. 

larger cortical bone area in the C3H mice. However, with increasing 
age, the cross-sectional area increased faster in the C3H mice. 
Consequently, this difference in growth in circumference contrib- 
uted to the increasing difference in cortical area with increasing age. 
These findings clearly indicate that C3H mice, in addition to having 
a higher bone density in the femur than B6 mice,2 also have a higher 
cortical bone area in the femur. 

Tibia. To test whether the differences in bone area seen in 
femur could also be detected in tibia, the tibial total cross-sectional 
area, medullary area, and cortical bone area were measured at the 
tibiofibular junction (Figure 3). In the tibia (as in the femur), the 
cortical bone area was significantly {p < 0.001, ANOVA) larger in 
the C3H mice than it was in the B6 mice (i.e., by 28% at 6 weeks, 
29% at 8 weeks, 36% at 12 weeks, 33% at 16 weeks, and 28% at 26 
weeks of age, respectively) (Figure 3A). Furthermore, the high 
cortical bone area in the tibia of the C3H mice was associated with 
a smaller medullary cavity (p < 0.001, ANOVA), and the medullary 
cavity decreased with age faster in the C3H than in the B6 mice 
(Figure 3B). Because the total cross-sectional areas of the tibia were 
only slightly different (although statistically significant) between the 
two strains (Figure 3C), the differences in cortical bone area in the 
tibia were also primarily due to differences in medullary area. 
Accordingly, the difference between strains in cortical bone area 
was not unique to the femur, but was also present in the tibia. 

Endosteal Bone Formation 

Femur. To evaluate the hypothesis that the difference in cortical 
bone area seen in these two mouse strains was, at least in part, 
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Figure 4. Photomicrograph (40X) illustrating the presence of tetracycline labels in femur cross sections from 8-week-old C3H and B6 mice Arrows 
indicate double tetracycline labels at the periosteal (white arrows) and endosteal (gray arrows) surfaces. 

due to a difference in bone formation, we measured the histo- 
morphometric bone formation parameters in these mice. Figure 
4 illustrates the tetracycline labels measured in these studies. 
Table 1 compares the bone formation parameters at the femoral 
endosteum for C3H and B6 mice. There was no statistically 
significant difference in the endosteal BFR/TCS per femur cross 
section between the C3H and B6 mice and the young mice. 
However, when BFR was normalized against the total endosteal 
surface, the endosteal BFR (i.e., BFR/BS) in the femur of the 
young C3H mice (i.e., between 6 and 12 weeks of age) was 
significantly {p < 0.001, ANOVA) greater than that of B6 mice 
of the same age (by 28% at 6 weeks, 92% at 8 weeks, and 51% 

at 12 weeks of age, respectively). Thus, these findings indicate 
that the endosteal BFR/BS in the femur of young C3H mice was 
greater than in B6 mice of corresponding age. Statistical analysis 
by two-way ANOVA showed that there was no significant 
interaction between age and mouse strain on either endosteal 
BFR/TCS or BFR/BS in the young, growing mice (6-12 weeks 
of age), suggesting that the effects of mouse strain and develop- 
mental growth on BFR were independent of each other. These 
observations are consistent with the interpretation that C3H mice 
had a greater endosteal BFR than the B6 mice had in the femur 
and that this led to a higher cortical bone area. 

Consistent with a higher BFR/BS in the young C3H mice, 

Table 1. Bone formation data* from the femoral endosteum of C3H and B6 mice aged 6-26 weeks (n = 6-11) 

Bone surface referent Total cross-sectional referent 

BFR/TCS 
BFR/BS TLS/BS (mm2 X 10"3/TCS TLS/TCS Age/strain (mm2 X 10 3/mm per day) MAR (u.m/day) (mm/mm) per day) (mm/TCS) 

Young mice 
6 weeks 

C3H 5.954 ± 0.142c 
6.010 ±0.165c 0.992 ± 0.015 18.48   ±0.42 3.080 + 0.055d 

B6 
8 weeks 

4.643 ± 0.527 4.808 ± 0.546 0.968 ± 0.024 19.45   ±2.29 4.050 + 0.122 

C3H 3.967 ± 0.210° 4.367 ±0.190" 0.907 ± 0.027c 
11.04   ±0.59 2.525 + 0.081 B6 

12 weeks 
2.071 ± 0.461 2.597 ± 0.406 0.753 ± 0.070 8.37   ±2.00 3.002 ± 0.331 

C3H 2.220 ± 0.098 2.749 ±0.113 0.812 ± 0.035 5.518 ± 0.332 2.015 + 0.110° B6 
p value (6-12)b 

1.467 ±0.128 1.773 ± 0.109 0.819 ±0.026 5.652 ± 0.487 3.161 ±0.108 

Strain <0.001 <0.001 n.s. n.s. <0.001 Age <0.001 <0.001 <0.001 <0.001 <0.001 
Strain X age n.s. n.s. n.s. n.s. 

Mature mice 
16 weeks 

C3H 0.975 ±0.104 1.294 ± 0.079 0.739 ± 0.041 2.258 ± 0.247d 
1.714 + 0.104" 

B6 
26 weeks 

1.002 ± 0.107 1.336 ± 0.109 0.740 ± 0.034 3.847 ± 0.416 2.835 + 0.134 

C3H 0.296 ± 0.03 ld 
0.788 ± 0.075 0.385 ± 0.028' 0.585 ± 0.056' 0.768 + 0.059' B6 0.714 + 0.071 1.022 ± 0.076 0.691 ± 0.026 2.561 ± 0.275 2.473 + 0.114 

p value (16-26)b 

Strain 0.008 n.s. <0.001 <0.001 <0.001 
Age O.001 <0.001 <0.001 <0.001 <0.001 
Strain X age 0.019 n.s. <0.001 n.s. 0.007 

"Data shown as mean ± SEM. 
*Two-way ANOVA. 
cp < 0.05 vs. B6; dp < 0.01 vs. B6; 'p < 0.001 vs. B6; n.s., not significant, p > 0.05. 
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Table 2. Bone formation data" from the tibial endosteum of C3H and B6 inbred mice aged 6-26 weeks (n = 6-11) — - 

Bone surface referent Total cross-sectional referent 

BFR/TCS 
BFR/BS TLS/BS (mm2 X 10-VrCS TLS/TCS 

Age/strain (mm2 X 10_3/mm per day)       MAR (u-m/day) (mm/mm) per day) (mm/TCS) 

Young mice 
6 weeks 

C3H 1.656 ± 0.184c 2.574 ± 0.334c 0.652 ± 0.018 3.012 ± 0.417 1.165 + 0.035 

B6 1.054 ±0.133 1.703 + 0.171 0.619 ± 0.051 2.161 ± 0.292 1.263 ±0.105 

8 weeks 
C3H 1.944 ±0.149c 2.475 ± 0.140d 0.781 ± 0.028 3.077 ± 0.260 1.226 + 0.041e 

B6 1.386 ± 0.046 1.604 ± 0.046 0.864 ± 0.012 2.848 + 0.096 1.779 ±0.042 

12 weeks 
C3H 1.659 ±0.066' 2.155 + 0.110* 0.777 ± 0.021 2.445 ± 0.115c 1.144 ±0.041 

B6 0.764 ± 0.039 1.108 ± 0.038 0.701 + 0.045 1.485 ± 0.056 1.362 ± 0.076 

p value (6-12)b 

Strain <0.001 <0.001 n.s. 0.001 <0.001 

Age 0.001 0.005 <0.001 <0.001 <0.001 

Strain X age n.s. n.s. n.s. n.s. 0.003 

Mature mice 
16 weeks 

C3H 1.013 ± 0.082 1.136 + 0.043 0.885 + 0.048 1.385 ±0.114 1.210 ± 0.066c 

B6 0.729 ± 0.067 0.968 ± 0.056 0.742 ± 0.039 1.485 ± 0.056 1.499 ± 0.076 
26 weeks 

C3H 0.428 ± 0.057* 0.878 + 0.098 0.491 ± 0.026' 0.617 + 0.086' 0.698 ± 0.041' 

B6 0.963 ± 0.073 1.154 + 0.075 0.836 ± 0.040 1.792 ± 0.123 1.557 ± 0.058 

p value (16-26)" 
Strain n.s. n.s. 0.024 <0.001 <0.001 

Age 0.029 n.s. 0.001 n.s. 0.003 
Strain X age <0.001 0.009 <0.001 <0.001 <0.001 

See Table 1 for abbreviations. 
"Data shown as mean ± SEM. 
"Two-way ANOVA. 
cp < 0.05 vs. B6; ap < 0.01 vs. B6; 'p < 0.001 vs. B6; n.s., not significant, p > 0.05. 

C3H mice also exhibited a greater (p < 0.001) endosteal MAR 
than the B6 mice (by 25% at 6 weeks, 68% at 8 weeks, and 55% 
at 12 weeks, respectively). For forming surface measurements, 
the picture was different. The endosteal TLS/TCS (an index of 
forming surface) was significantly (p < 0.001) less in C3H mice 
than in B6 mice (by 24% at 6 weeks, 16% at 8 weeks, 36% at 12 
weeks, and 40% at 16 weeks). Because the total endosteal 
surface was also lower in the C3H than in the B6 mice, expres- 
sion of labeled surface as a function of the endosteal surface (i.e., 
TLS/BS) resulted in equivalent values for C3H and B6. Conse- 
quently, the higher BFR/BS in young C3H mice in the femur 
appears to be due to a higher MAR, rather than due to a higher 
forming surface. 

In the mature mice (16 and 26 weeks of age), the high 
BFR/BS values at the femoral endosteum decreased in the C3H 
mice, whereas the rates in the B6 mice did not change. MAR in 
the C3H decreased until it became equivalent to that of the B6 
mice, and the TLS/BS of the C3H mice decreased so that it was 
lower than that of the B6. Thus, in mature mice, the pattern of 
interstrain differences in endosteal formation changed from that 
of the young mice. 

Tibia. Table 2 compares the endosteal bone formation pa- 
rameters from the tibiae of C3H and B6 mice. The pattern of 
endosteal bone formation in the tibia was the same as that seen 
in the femur. In the tibia of the young mice, the BFR/TCS and the 
BFR/BS were significantly higher in the C3H mice than they 
were in B6 mice of the same age (p £ 0.001, ANOVA). 

Corresponding to a greater tibial endosteal BFR/TCS in the 
young C3H mice, C3H mice of 12 weeks of age or younger 
showed a significantly higher MAR (p < 0.001, ANOVA) than 

B6 mice of the same respective age. As was the case in the 
femur, the tibial endosteal TLS/TCS in C3H mice was signifi- 
cantly lower than that in B6 mice. However, TLS/BS of the C3H 
mice was no different from that of the B6 mice. Thus, these 
findings demonstrate that, in the tibia, like the femur, endosteal 
bone formation and MAR, but not labeled surface, were higher in 
C3H mice than in B6 mice in young animals. 

In mature mice, the high BFR/TCS of the young C3H mice, 
as compared with the B6 mice, was reversed. As in the femur the 
MAR of the C3H dropped to levels comparable to the B6 and the 
TLS/BS decreased to values lower than the B6. Thus, the pattern 
of formation during remodeling in the older animal may be 
different from the pattern present during development of peak 
bone mass. 

Periosteal Bone Formation 

Femur. Because there appeared to be a difference in cross- 
sectional area in the femur, periosteal bone formation parameters 
in the C3H and B6 mice were also evaluated. The femoral 
periosteal bone formation parameters from C3H and B6 mice are 
shown in Table 3. Consistent with endosteal values, two of the 
three timepoints in young mice showed significantly higher 
periosteal values for BFR/BS in C3H mice compared with B6 
mice. In addition, the periosteum of the femur exhibited a 
significantly (p < 0.001, ANOVA) higher MAR at all timepoints 
in the young C3H mice than in the B6 mice of the same age (by 
70% at 6 weeks, 45% at 8 weeks, and 47% at 12 weeks, 
respectively). At the periosteum, the TLS/BS was higher in the 
C3H at two of the three early timepoints. These findings indicate 
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Table 3. Bone formation data* from the femoral periosteum of C3H and B6 mice aged 6-26 weeks (n = 6-11) 

Bone surface referent Total cross-sectional referent 

BFR/TCS 
BFR/BS TLS/BS (mm2 X 10-3/TCS TLS/TCS 

Age/strain (mm2 X 10-3/mm per day)       MAR (u.m/day) (mm/mm) per day) (mm/TCS) 

Young mice 
6 weeks 

C3H 1.201 ± 0.145" 2.176 ± 0.230c 0.546 ± 0.017c 5.151 ± 0.604c 2.346 ± 0.072 
B6 0.544 ± 0.095 1.277 ±0.179 0.421 ± 0.029 2.687 ± 0.446 2.090 ±0.137 

8 weeks 
C3H 1.380 ± 0.087 2.472 ± 0.159c 0.563 ± 0.023 5.829 ± 0.364 2.385 ±0.112" 
B6 1.071 ± 0.159 1.703 ±0.189 0.617 ± 0.025 5.320 ± 0.756 3.073 ±0.108 

12 weeks 
C3H 0.934 ± 0.056c 1.697 ± 0.077 0.550 ± 0.017c 4.071 ± 0.241 2.398 ± 0.076 
B6 0.483 ± 0.048 1.156 ± 0.051 0.419 ± 0.042 2.392 ± 0.239 2.077 ±0.212 

p value (6-12)b 

Strain <0.001 <0.001 0.004 <0.001 n.s. 
Age <0.00I 0.001 <0.001 <0.001 <0.001 
Strain X age n.s. n.s. 0.001 n.s. <0.001 

Mature mice 
16 weeks 

C3H 0.689 ± 0.055d 1.383 ± 0.090d 0.498 ± 0.015 3.001 ± 0.229d 2.170 ±0.063 
B6 0.394 ± 0.025 1.000 ± 0.069 0.394 ± 0.012 1.902 ±0.124 1.902 ±0.062 

26 weeks 
C3H 0.550 ± 0.037c 1.038 ± 0.050 0.532 ± 0.029' 2.509 ± 0.174c 2.428 ± 0.148" 
B6 0.319 ±0.065 0.903 ± 0.081 0.337 ± 0.044 1.548 ± 0.322 1.631 ± 0.221 

p value (16-26)b 

Strain <0.001 0.002 <0.001 <0.001 0.001 
Age 0.034 0.006 n.s. n.s. n.s. 
Strain X age n.s. n.s. n.s. n.s. n.s. 

See Table 1 for abbreviations. 
"Data shown as mean ± SEM. 
"Two-way ANOVA. 
°p < 0.05 vs. B6; "p < 0.01 vs. B6; 'p < 0.001 vs. B6; n.s., not significant, p > 0.05. 

that the differences between strains in BFR and MAR in the 
femur were evident at the periosteum as well as the endosteum, 
but that this involved differences in forming surface length as 
well as differences in MAR. 

This high periostea] bone formation in the C3H mice contin- 
ued in the mature mice. This is in contrast to the endosteum 
where bone formation dropped in the older C3H mice. The 
continued high values in the C3H are consistent with the increas- 
ing differences between strains in cortical bone with age (Figure 
2A). 

Tibia. The differences in periosteal bone formation parame- 
ters in the tibia between C3H and B6 mice (Table 4) were similar 
to those found in the femur periosteum. Accordingly, in the tibia, 
periosteal BFR/TCS of young C3H mice was significantly (p < 
0.001, ANOVA) higher than BFR/TCS of B6 mice (by 29% at 6 
weeks, 93% at 8 weeks, and 290% at 12 weeks, respectively). 
Periosteal BFR/BS was also significantly greater in the C3H than 
B6 mice at 6-12 weeks {p < 0.001, ANOVA) (by 26% at 6 
weeks, 96% at 8 weeks, and 279% at 12 weeks, respectively). 
The MAR in tibial periosteum was also significantly higher {p < 
0.001, ANOVA) in young C3H mice than that in young B6 mice 
(by 34% at 6 weeks, 63% at 8 weeks, and 135% at 12 weeks, 
respectively). These data show that the same differences in 
periosteal BFR and MAR (higher values in young C3H mice) 
were present in the tibia as were present in femur. 

In the mature mice, the differences between strains in peri- 
osteal BFR and MAR decreased. This contrasts with the femur 
and is consistent with the lack of difference between strains in 
the periosteal circumference (Figure 2C) in the mature mice. 

Discussion 

This study represents the first evaluation and comparison of the 
effects of developmental growth on histomorphometric bone 
formation parameters in high-density C3H and low-density B6, 
two inbred mouse strains that have marked differences in peak 
bone density.2 Our morphometric analysis of the ground section 
of either femur at the middiaphysis or tibia at the tibiofibular 
junction indicated that C3H mice had a significantly larger 
cortical bone area that was accompanied by a significantly 
smaller medullary area than B6 mice at both bone sites. These 
differences between strains were seen in mice as young as 6 
weeks old, and maximal differences were attained between the 
age of 16 and 26 weeks, during which time these animals attained 
peak bone mass.1 Accordingly, these observations suggest that 
the physiological changes, which led to the observed phenotypic 
differences in cortical peak bone area (or volume) in these two 
mouse strains, might have occurred during early developmental 
growth (i.e., young age). Because it is likely that a greater bone 
volume may be related to a greater bone density, these findings 
are consistent with previous pQCT data that C3H mice had a 
greater peak bone density than B6 mice.2 

Three major histomorphometric findings in this study provide 
strong, albeit circumstantial, evidence for our three hypotheses. 
First, the BFR/TCS and/or BFR/BS in C3H mice were signifi- 
cantly higher than that in B6 mice. These observations (along 
with the past observations that C3H mice exhibited increased 
serum levels of alkaline phosphatase activity4 and IGF-I,12 com- 
pared with B6 mice) are entirely consistent with our first hypoth- 
esis that the greater peak bone mass in C3H mice may be at least 
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Table 4. Bone formation data" from the tibial periosteum of C3H and B6 mice aged 6-26 weeks (n - 6-11) 

Bone surface referent Total cross-sectional referent 

Age/strain 
BFR/BS 

(mm2 X 10_3/mm per day)       MAR (u.m/day) 
TLS/BS 

(mm/mm) 

BFR/TCS 
(mm2 X 10_3/TCS 

per day) 
TLSATCS 
(mm/TCS) 

Young mice 
6 weeks 

C3H 
B6 

2.596 ± 0.125c 

2.063 + 0.189 
3.212 ± 0.142' 
2.394 ±0.193 

0.814 ± 0.045 
0.858 ±0.017 

8.538 ± 0.365" 
6.609 ± 0.612 

2.675 ±0.126 
2.748 ± 0.058 

8 weeks 
C3H 
B6 

1.807 ± 0.106e 

0.923 ±0.105 
2.741 ± 0.066e 

1.677 ± 0.079 
0.660 ± 0.037 
0.552 ± 0.062 

5.873 ± 0.337e 

3.049 ± 0.346 
2.143+0.114 
1.823 ± 0.204 

12 weeks 
C3H 
B6 

1.175 ±0.062e 

0.310 ± 0.045 
2.172 ± 0.134'= 
0.926 ± 0.041 

0.543 ± 0.010d 

0.326 ± 0.039 
3.989 ± 0.236' 
1.024 ± 0.143 

1.841 ± 0.036d 

1.079 ±0.124 

p value (6-12)b 

Strain 
Age 
Strain X age 

Mature mice 

•CO.001 
<0.001 

n.s. 

<0.001 
<0.001 

n.s. 

0.009 
<0.001 

0.015 

<0.001 
<0.001 

n.s. 

0.003 
<0.001 

0.013 

16 weeks 
C3H 
B6 

0.438 ± 0.010 
0.356 ± 0.086 

0.811 ±0.027 
0.921 ±0.115 

0.543 ± 0.016d 

0.355 ± 0.051 
1.463 ±0.034 
1.215 ± 0.296 

1.813 ± 0.060c 

1.210 ±0.188 

26 weeks 
C3H 
B6 

0.338 ± 0.036 
0.291 ± 0.027 

0.708 ± 0.034 
0.704 ± 0.037 

0.470 ± 0.038 
0.409 ± 0.018 

1.172 ± 0.125 
0.985 ± 0.088 

1.630 ±0.133 
1.386 ±0.054 

p value (16-26)" 
Strain 
Age 

n.s. 
n.s. 

n.s. 
0.017 

0.003 
n.s. 

n.s. 
n.s. 

0.003 
n.s. 

Strain X age n.s. n.s. n.s. n.s. n.s. 

See Table 1 for abbreviations. 
"Data shown as mean ± SEM. 
"Two-way ANOVA. 
°p < 0.05 vs. B6; Ap < 0.01 vs. B6; cp < 0.001 vs. B6; n.s., not significant, p > 0.05. 

in part due to a higher bone formation rate compared with B6 
mice. 

An intriguing observation regarding bone formation is that 
the higher BFR/BS in C3H mice seemed to be associated with a 
higher MAR without a significantly higher TLS/BS compared 
with B6 mice. Akhter et al.' also noted a higher MAR in the tibia 
of C3H mice compared with that of B6 mice. However, because 
the mice used in their study were 16-week-old adult mice, and 
because we demonstrated in this study that a significant differ- 
ence in MAR was seen only in the young mice (i.e., <16 weeks 
old), the difference in MAR reported in their study did not reach 
a statistically significant level. Nevertheless, their study is con- 
sistent with our observations that C3H mice had a higher MAR. 
In this respect, MAR is generally interpreted as a measure of the 
activity of osteoblasts.10-12-14'15'18 This would indicate that the 
C3H osteoblasts are more active than the B6 osteoblasts. How- 
ever, it is possible that there may be greater numbers of osteo- 
blasts per unit-forming surface in the C3H mice, a difference that 
could possibly account for the higher MAR. Therefore, it will be 
necessary to measure and compare the number of osteoblasts per 
forming surface between the two inbred strains of mice to 
establish that the interpretation of higher activity per osteoblast 
in C3H mice is correct. In further support of the premise that 
MAR is an important parameter of bone mass, it was shown, in 
the mouse senescence model (SAM-P/2, SAM-R1, and SAM-P6 
mice), that higher endosteal MAR was associated with greater 
bone mass.17 These findings may have an important implication 
with respect to our efforts of finding gene(s) that control peak 
bone mass, if our conclusion is confirmed that osteoblast activity 
(i.e., MAR) plays a more essential role than osteoblast prolifer- 

ation (i.e., TLS) in determining the peak bone mass. Accord- 
ingly, it may be speculated that the genes that help to determine 
peak bone mass in these mice may be those that are involved in 
regulating osteoblast differentiation and/or activity. 

Second, this study provides evidence that significant differ- 
ences between strains in MAR were detected primarily in the 
younger mice (i.e., 6-12 weeks old). Thus, the differences 
occurred during growth and modeling rather than during adult 
bone remodeling. Furthermore, differences between strains were 
already evident at 6 weeks of age. These findings support our 
second hypothesis that a majority of the differences between 
strains in bone formation rate may occur during an early age. We 
should point out animals <6 weeks old were not tested in this 
study. Thus, we do not know whether significant differences in 
bone mass and BFR (or MAR) can also be detected in animals 
<6 weeks of age. However, we should note that the biggest 
differences in MAR and BFR between these two mouse strains 
were seen with animals between the ages of 6 and 12 weeks. 
Thus, we favor the possibility that phenotype differences among 
C3H and B6 mice, regarding bone formation parameters, may 
also occur at <6 weeks. Accordingly, because mice typically 
undergo puberty at between 4 and 5 weeks of age, we tentatively 
conclude that additional phenotypic differences between strains 
most likely occur during puberty. If this conclusion is confirmed, 
it can be speculated that the gene(s) which contribute to the 
differences in bone formation rate and in peak bone mass in these 
mice are expressed predominantly during puberty. This informa- 
tion is very important in relation to our continuing efforts to find 
gene(s) that are involved in peak bone mass determination. If this 
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Abstract Genetic analyses for loci regulating bone mineral den- 
sity have been conducted in a cohort of F2 mice derived from 
intercross matings of (C57BL/6J x CAST/EiJJFj parents. Femurs 
were isolated from 714 4-month-old females when peak adult bone 
density had been achieved. Bone mineral density (BMD) data were 
obtained by peripheral quantitative computed tomography 
(pQCT), and genotype data were obtained by Polymerase Chain 
Reaction (PCR) assays for polymorphic markers carried in geno- 
mic DNA of each mouse. Genome-wide scans for co-segregation 
of genetic marker data with high or low BMD revealed loci on 
eight different chromosomes, four of which (Chrs 1,5,13, and 15) 
achieved conservative statistical criteria for suggestive, significant, 
or highly significant linkage with BMD. These four quantitative 
trait loci (QTLs) were confirmed by a linear regression model 
developed to describe the main effects; none of the loci exhibited 
significant interaction effects by ANOVA. The four QTLs have 
been named Bmdl (Chr 1), Bmd.2 (Chr 5), Bmd3 (Chr 13), and 
Bmd4 (Chr 15). Additive effects were observed for Bmdl, reces- 
sive for Bmd3, and dominant effects for Bmd.2 and Bmd4. The 
current large size of the QTL regions (6—>31 cM) renders prema- 
ture any discussion of candidate genes at this time. Fine mapping 
of these QTLs is in progress to refine their genetic positions and to 
evaluate human homologies. 

Introduction 

In humans, peak bone density in both sexes is achieved at the end 
of the second decade of life after pubertal growth ceases and adult 
rates of bone turnover have been established (Glastre et al. 1990; 
Haapasalo et al. 1996; Kroger et al. 1993; Teegarden et al. 1995; 
Theintz et al. 1992). Low peak bone density is considered to be a 
risk factor for osteoporotic fracture in elderly adults, on the basis 
of numerous studies with a variety of measurement methodologies 
(Genant et al. 1996). A long-term effort by many investigators has 
resulted in identifying major regulatory factors supporting the 
adult skeletal system. These include environmental variables such 
as nutrition, exercise, exposure to sunlight, and pharmacologic 
agents, plus endogenous variables such as reproductive status, ag- 
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ing, disease states (cancer, diabetes, hyperparathyroidism), serum 
hormone and mineral levels. 

An individual's genomic complement orchestrates the effect of 
all such factors to achieve the final adult bone physiologic homeo- 
stasis. Our knowledge about the extent of genetic regulation of the 
normal adult skeleton is primarily based on investigative efforts 
with twin studies, multi-generational family studies, and sib pah- 
analyses (Arden et al. 1996; Barthe et al. 1999; Christian et al. 
1989; Cohen-Solal et al. 1998; Danielson et al. 1999; Eisman et al. 
1993; Ferrari et al. 1998; McKay et al. 1994; Seeman et al. 1989; 
Slemenda et al. 1991; Smith et al. 1973). Collectively, such studies 
have shown that 60-70% of the normal variability in bone density 
is genetically determined. Even though much has been learned 
from rare heritable bone diseases, identifying genes participating 
in regulation of the normal adult skeleton is at an early stage. 
Population studies have implicated genetic polymorphisms for the 
vitamin D receptor (Morrison et al. 1994), collagen 1A1 (Uitter- 
linden et al. 1998), serum IGF-I (Rosen et al. 1998), apolipoprotein 
E (Shiraki et al. 1997), calcitonin receptor (Masi et al. 1998), 
bone-specific alkaline phosphatase (Harris et al. 1998), transform- 
ing growth factor ß-1 (Langdahl et al. 1997), a 2HS-glycoprotein 
(Zmuda et al. 1998), and estrogen receptor (Deng et al. 1998) to be 
related to low bone mineral density (BMD) associated with osteo- 
porosis. In spite of the preliminary and often controversial status of 
the evidence for such genes, it is clear from the wide range of 
factors influencing bone density that it is a quantitative trait de- 
pendent upon the action of numerous genes. The search for and 
functional analysis of such genes can be efficiently pursued in 
animal models wherein control over environmental factors im- 
proves the power to identify heritable regulation of bone density. 

Inbred strains of mice that differ in their bone mineral densities 
are amenable to genetic analyses of this polygenic trait via the 
experimental design of quantitative trait loci (QTL) analysis 
(Lander and Botstein 1989). Within each strain all genetic loci are 
homozygous, while crosses between strains allow unambiguous 
association between genotype and the bone density phenotype of 
individuals. More than 6000 molecular markers have been shown 
to be polymorphic among inbred strains of mice, allowing accurate 
genotyping of progeny; thus, by segregation analyses, genes un- 
derlying a trait can be assigned to chromosomal regions (Dietrich 
et al. 1996). Of critical importance to such genetic analyses is the 
availability of methodology with marked sensitivity and precision 
to accurately assign the bone density phenotype. Peripheral com- 
puted tomography (pQCT) has provided the necessary tool to un- 
dertake such an analysis. In this report, we present genetic data on 
QTLs for differences in adult peak BMD derived from an F2 

intercross of C57BL/6J and CAST/EJ mice. 
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Materials and methods 

Mice. Mice were produced and maintained in our research colony under 
14:10 h light:dark cycles. Autoclaved diet NIH-31 with 6% fat (Purina 
Mills, Inc; 18% protein, Ca:P 1:1, vitamin and mineral fortified) and HC1 
acidified water (pH 2.8-3.2) were provided ad libitum. Females were 
housed in groups of four or five within polycarbonate boxes of 51 sq. in. 
area, on sterilized shavings of Northern White Pine as bedding. 

The inbred strains selected for QTL analyses of femoral BMD were 
C57BL/6J (B6) and CAST/EiJ (CAST). We have reported that these strains 
have markedly different cortical and total bone densities (Beamer et al. 
1997), and others have demonstrated that these strains are highly polymor- 
phic for genetic differences at more than 95% of simple sequence length 
polymorphic loci (Dietrich et al. 1996). F2 progeny for genetic analyses of 
BMD were produced by mating low-density B6 females to high-density 
CAST males, then intercrossing these (B6 x CAST)F, hybrids to produce 
F2 offspring. We retained 714 F2 females for bone and genetic analyses; F2 

males were not kept because of lethally aggressive behavior when group 
housed. 

The parental strains were evaluated at 1, 2,4, 8, and 12 months of age 
to characterize the acquisition of adult bone density. The F2 progeny were 
analyzed at 4 months of age when the acquisition of adult bone was 
completed. Body weights were recorded at necropsy, and a partial carcass 
preparation was derived from each mouse (lumbar spine, pelvis, plus rear 
limbs) and preserved in 95% ethanol. Subsequently, femurs were isolated 
and their lengths measured by digital calipers (Stoelting, Wood Dale, IL) 
prior to densitometry. Kidneys and spleens from each mouse were frozen 
in liquid N2 and stored at -60C for later extraction of genomic DNA. 

Bone densitometry. Briefly, isolated femurs were assessed by pQCT 
with a Stratec XCT 960M (Norland Medical Systems, Ft. Atkinson, Wis.) 
as previously described (Beamer et al. 1996). Femurs were scanned at 
2-mm intervals over their entire lengths, utilizing an x-ray attenuation 
threshold of 2.000 units to define high-density bone, a threshold of 1.300 
to define low-density bone, and a unit volume for measurement of mineral 
set at 0.1 mm3. A manufacturer-supplied software program, designated 
"XMICE v5.1", analyzes the X-ray attenuation data to generate values for 
an array of bone parameters including mineral content, volume, and peri- 
osteal circumference. The precision of this instrument for densitometry of 
mouse bones has been determined to be 1.2% by repeated placement and 
measurement of a single femur. Calibration of the densitometer was done 
with a set of hydroxy apatite standards (0.050-1.000 mg/mm3), yielding a 
correlation of 0.997 between standards and pQCT estimation of density. 

Femoral density was selected for genetic analysis because of the pre- 
cision with which the mineral could be measured, because the majority of 
the mineral resides in its cortical compartment, and because it is a target of 
processes leading to osteoporotic fracture. To assure that the inbred strain 
differences in bone density were demonstrable by alternative methods, 
pQCT total femoral BMD data were compared with data obtained from the 
absolute ethanol volume displacement by separate pools of B6 and CAST 
femurs that were then ashed at 600°C for 18 h. At 8 months of age (see Fig. 
1), the total femoral BMD of B6 (0.462 mg/mm3) was 74% of CAST 
(0.622 mg/mm3) by pQCT. By ash weight/ethanol volume displacement, 
B6 (0.545 mg/mm3) was 70% of CAST (0.782 mg/mm3). Finally, we 
compared the periosteal perimeter measurements obtained from mid- 
diaphysis for several inbred strains by pQCT and by histomorphometry and 
found a correlation of r = 0.908, indicating good agreement of method- 
ologies. 

Genetic analyses. Genomic DNA was prepared from kidneys or spleens 
of mice by standard chloroform:phenol methodology. Genotyping of indi- 
vidual mouse DNAs was accomplished by PCR with oligonucleotide 
primer pairs from Research Genetics (Birmingham, Ala.). Primer pairs 
identifying SSLPs that discriminate between alleles from B6 versus CAST 
were selected from more than 6000+ available (Dietrich et al. 1996). De- 
tails of PCR reactions have been previously described (Shultz et al. 1996; 
Svenson et al. 1995). DNAs from B6, CAST, and (B6 x CAST)F, hybrids 
were used as electrophoretic standards in every gel to identify the genotype 
of PCR products derived from F2 mice (i.e., homozygous B6 (M>) or 
CAST (c/c); and heterozygous (fc/c)). 

We chose groups of 70-75 F2 mice from the extreme tails of the density 
distribution (n = 714) as described for heritable traits (Lander and Botstein 
1989). The 19 autosomes in the 145 F2 progeny were assessed for asso- 
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Fig. 1. Development of femoral BMD for the C57BL/6J and CAST/EiJ 
progenitor strains from 1 to 12 months of age. Pattern of increasing density 
with plateauing at approximately 4 months is similar for both strains; 
however, values for peak BMD are markedly different. Data points repre- 
sent means ± SEM for groups of n = 7-17. 

ciations of PCR-based molecular markers with bone density data. Chr X 
alleles were not assessed because reciprocal F, x F, matings would be 
required to yield all possible allelic combinations necessary for meaningful 
genetic evaluation. Four to nine microsatellite DNA polymorphic markers 
were selected for testing each autosome at approximately 12 to 15-cM 
intervals from centromere to telomere. Given the F2 sample size, the 15-cM 
genetic distance is adequate to detect major loci for bone density in this 
experimental design. In total, 711 F2 mice were included in the final data 
analyses; tissues from three mice could not be located. Mice appearing in 
either extreme of the BMD distributions were genotyped for 127 markers, 
then these data were assessed for correlations between segregating alleles 
and density. DNA from the remaining 566 F2 mice was prepared and 
genotyped for nine selected markers previously indicated by mapping of 
the extremes to be correlated with femoral BMD data. 

Statistical analyses. Statistical analyses of parental and hybrid strain 
femoral densities were performed with StatView 4.5 software for Macin- 
tosh (Abacus Concepts, Berkeley, Calif.). These density data were ana- 
lyzed first by ANOVA to detect major strain effects. Individual strain 
means were assessed for significant differences by Fisher's Protected LSD 
test. Differences were judged statistically significant when p < 0.05. 

Initial detection of significant association between bone densities and 
marker loci for QTLs in F2 progeny was carried out by computing uncon- 
strained regression analyses for each marker in the genome with the com- 
puter programs MATLAB (Mathworks, Inc Natick, Mass.) and MapMaker 
QTL (Lander et al. 1987) for an F2 population with Free Genetics (two 
degrees of freedom). The unconstrained regressions have two degrees of 
freedom (for F2 data) and will fit any mode of inheritance. Permutation 
critical values for the maximal F-statistic (Churchill and Doerge 1994; 
Doerge and Churchill 1996) provided a guide for selecting chromosomes 
with statistically significant effects on the bone density phenotypes. Per- 
mutation testing provides a genome-wide type I error level for each ge- 
nome scan. Markers were judged highly significant, significant, or sugges- 
tive with respect to linkage with BMD as recommended by Lander and 
Kruglyak (1995). 

Results 

Preliminary inspection of pQCT data from the F2 mouse femurs 
suggested the possibility of two related density measurements. One 
was termed total BMD and was derived from all measurable min- 
eral divided by the total bone volume. The second excluded the 
marrow cavity and was termed apparent cortical BMD and was 
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Fig. 2. 
months of age. The shaded areas show the two groups of mice with low or 
high BMD chosen for initial genetic analyses. Positions of mean BMDs for 
the progenitor and F, parents are indicated by arrows, while the bell-shaped 
line depicts the theoretical normal distribution. 

derived from the mineral exceeding the threshold (2.000 attenua- 
tion units) for cortical bone divided by the volume occupied by 
that mineral. In this report, we have focused on total BMD (here- 
after, BMD) as the phenotypic measure of the entire femur. Ac- 
cordingly, femoral BMD data for the B6 and CAST progenitor 
strain females obtained between the ages of 1 and 12 months are 
presented in Fig. 1, where BMD values differed between B6 and 
CAST at all ages. The rapid rate of acquisition of BMD plateaued 
at about 4 months, resulting in significantly higher (p < 0.0001) 
density values in CAST females compared with B6 values at 4, 8, 
and 12 months of age. These data are similar to our initial report 
that the acquisition of adult peak bone density in inbred mice is 
complete at approximately 4 months of age (Beamer et al. 1996). 

The distribution of BMD for all B6CAST-F2 females is pre- 
sented in Fig. 2. Shaded areas identify the mice in the extreme tails 
of the distribution chosen for initial genotyping. The Gaussian 
distribution of density in F2 mice supports the hypothesis that the 
BMD phenotype is the consequence of polygenic regulation, with 
a calculated heritability of 57% (Jenkins 1990). At 4 months of 
age, the mean BMD value ± SEM for the B6 mice (n = 14) was 
0.458 ± 0.004 mg/mm3, and for the CAST mice (n = 17) was 
0.616 ± 0.013 mg/mm3 (arrows, Fig. 2). The mean BMD value for 
eight F, females (4 months old) was 0.563 ± 0.006 mg/mm3; this 
was statistically different (p < 0.01) from BMD of B6 and CAST 
progenitors. The distribution of BMD in F2 females also shows 
that very few F2 mice had densities below that of the low density 
B6 progenitor, whereas there are many more F2 mice with densi- 
ties higher than that of the high-density CAST progenitor. This 
occurrence of transgressive segregation indicates that a gene(s) 
with alleles contributing to increased BMD may be present in the 
'low density' B6 progenitor. 

Body weights of the two progenitor strains at 4 months were 
significantly different (B6 = 22.6 ± 0.5 g; CAST = 15.7 ± 0.3 g; 
p < 0.0001). The B6 femurs were morphologically similar to those 
of CAST mice, although longer (B6 = 16.03 ± 0.08 mm; CAST 
= 13.55 ± 0.09 mm; p < 0.0001). When all 714 F2 progeny were 
examined for correlations between BMD and body weights or 
femur lengths, a significant but weak relationship was found with 
body weight (r = 0.112; p = 0.0028; r2 = 0.013), whereas no 
correlation was observed with femur length (r = 0.021; p = ns). 

The regression analyses for genome-wide scans of BMD ex- 
tremes for all 127 molecular markers are summarized in Fig. 3. 
Tests at individual markers are based on the F-statistic for an 
unconstrained mode of inheritance (degrees of freedom = 2; 651) 
and are shown on the ordinate. Chromosomal assignments for the 
markers are indicated on the abscissa. Dashed lines represent per- 
mutation based thresholds for genome-wide significance at levels 
of 'p' = 0.10, 0.05, and 0.01. The genome-wide scan analyses 
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Fig. 3. Summary of genome-wide scans of regression F statistics for an 
unconstrained model are shown for tested polymorphic markers on all 19 
autosomes. Dashed lines represent critical values from permutation tests 
(correcting for multiple tests) for the F statistic at 99% (p < 0.01), 95% 
(p < 0.05), and 90% (p < 0.10) for association with BMD. 

Table 1. Summary of regression analyses for femoral total BMD on SSLP markers 
for four chromosomes from genome-wide scan of B6CAST-F2 female mice. Chro- 
mosomes with loci having permutation p-values < 0.1 are designated /tone mineral 
density (Bmd) 1-4. 

Locus Chromosome QTL Region F Nominal Permutation 
Name Best Marker Interval (cM) Statistic p-value p-value 

Bmdl Chrl 
DlMitlS 

DlMitl4^>DlMitl7 
(23) 

23.94 8.7x10-" «0.01 

Bmd2 Chr5 
D5Mitll2 

D5Mit254->D5MU89 
(7) 

10.92 2.1 x 10~3 < 0.01 

Bmd3 Chrl3 
D13MU16 

centromere-»/)./5Afi(/5 
(6) 

7.30 7.3 x 10-4 <0.10 

Bmd4 Chrl5 
D15MU29 

D15MUU5-+m5Mit35 
(31) 

10.19 4.3 x 10"3 <0.01 

revealed numerous chromosomal regions characterized by variable 
strength of statistical association with BMD. Table 1 summarizes 
details from the genome-wide scan for chromosome markers as- 
sociated with BMD. Data for four candidate density QTLs are 
presented, including: a) proposed locus names (Bone mineral den- 
sity; Bmdl-4), b) the most significant Mit marker, c) flanking Mit 
markers that define the QTL-containing region and estimated size, 
and d) statistical assessments (nominal and permutation p-values). 
The four QTLs with the strongest permutation test statistical sup- 
port are: Chr 1 (p < 0.001), 5 (p < 0.01), 13 (p < 0.10) and 15 (p 
< 0.01). Fig. 4 presents interval maps for the named QTLs that 
include all markers tested along with a dashed lined indicating the 
threshold LOD score of 2.8 for suggestive linkage of marker with 
BMD. The ordinates for the interval maps depicting LOD scores 
are scaled with respect to each other for comparative purposes. 

The results of fitting a multiple regression model to the best 
marker in 694 F2 mice for the four chromosomes harboring BMD 
QTLs are summarized in Table 2. In these analyses, the QTLs are 
assumed to have additive effects across each of the loci. The 
p-values are nominal and are not adjusted for the genome-wide 
search. Individual QTL variances ranged from 1.7% to 6.0%. The 
summed model variances explain 13.1% of the F2 population vari- 
ance in BMD. The value, 13.1%, accounts for BMD variance in all 
F2 mice and is considered to be a conservative estimate, as indi- 
cated in the Discussion below. It is important to note that each of 
the QTLs remains significant after adjusting for effects of the other 
three and, furthermore, that the direction and magnitudes of the 
estimated effects are similar in adjusted and unadjusted analyses. 
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Fig. 4. Interval maps for Chrs 1, 5, 13, and 15 shown to carry QTLs for 
BMD. Statistical analyses are presented as LOD scores calculated for 
molecular markers beginning with the centromeric end of each chromo- 
some on the left and extending toward the telomeric end. 

Table 2. Summary of regression analyses for femoral total BMD on Mit markers for 
four chromosomes from B6CAST-F2 female femoral data. F statistics are adjusted to 
account for effects of other markers on BMD; % variance of phenotypic trait calcu- 
lated on all F2 data available for each marker. 

Chromosome F2; 694 Adj. F test % Variance 

and Marker statistic p-value - by marker 

DIMitIS 25.86 1.5x10"" 6.0 

DSMHI12 13.47 1.8 x irr6 3.1 

D13MUI6 7.38 6.7 x KT* 1.7 

DI5MU29 9.67 7.2 x irr5 2.3 
Total 13.1% 

A genome-wide search for pairwise interaction effects between 
markers was carried out with the two-way ANOVA F-test (results 
not shown). The analysis failed to reveal significant interactions 
when the test statistics were compared with genome-wide permu- 
tation threshold. 

An important issue is that of what effect on bone density can 
be detected for each of the four loci identified by regression analy- 
ses described above. The large numbers of mice in this cross and 
the measurement precision permit testing for allele effects, even 
though the variance in BMD accounted for is small. Main effects 
of alleles (homozygous: bib = B6, cast/cast = CAST; heterozy- 
gous blcasi) on BMD were calculated for each Bmd locus and 
presented in Figure 5. On the basis of significance of individual 
terms in the multiple regression, we propose that: a) CAST alleles 
increase BMD and are additive for Chr 1; b) B6 alleles increase 
BMD and are dominant for Chrs 5 and 15; and c) CAST alleles 
increase BMD and are recessive for Chr 13. 

Table 3 presents all QTL regions, together with Mouse Genetic 
Database (MGD) map locations for the best markers. The approxi- 
mate size of the genetic region containing each QTL, ranging from 
6 to 31 cM in length, was estimated from a 1-LOD reduction from 
the peak LOD score generated by MapMakerQT. Inspite of the 
large size of the QTL regions, we searched MGD for linkage 
homology between regions found in the four mouse chromosomes 
and regions found in the human genome. Adopting a region en- 
compassing 10 cM on either side of the best mouse genetic marker, 
we found two chromosomes in the human genome of particular 
interest—Chr 1 and Chr 4. The region with mouse Bmdl is entirely 
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Fig. S. The effect of genotypes for markers most closely associated with 
femoral BMD on Chrs 1,5,13, and 15. Data are presented as means ± SEM 
(n = 127-336). For each panel, the observed mean values are presented for 
mice that are homozygous for the C57BL/6J allele (b/b), heterozygous 
(cast/b), and homozygous for the CAST/EiJ allele (cast/cast). The asterisks 
(*) denote when the mean for the genotype cast/b or c/c is significantly 
different from that of b/b genotype mice. The source of the allele yielding 
the highest BMD and the allele's mode of action are listed for each QTL. 

Table 3. Homologous linkage relationships between mouse chromosomal regions 
with QTLs for femoral BMD and human chromosomal regions. 

Optimum mouse Locus MGD map      QTL region Region of human 
QTL Marker       name   position (cM) size (cM)     chromosome homology 

DIMitIS 
D5MUII2 
D13MUI6 
DISMH29 

Bmdl 95.8 
Bmd2 24.5 
Bmd3 10.0 
Bmd4 42.8 

23 
7 
6 

31 

Iq21-q42 
4pl5-q32 
Iq42-q43; 7pl5-pl3; 6p25-p21 
8q22-qter; 22ql3-q22 

contained within human Chr lq21-42 and, similarly, Bmd2 within 
Chr 4pl5-q32. On the other hand, Bmd3 and Bmd4 QTLs span 
multiple human chromosomal regions. 

Discussion 

The quantitative trait loci analyses for bone density were under- 
taken with B6 and CAST strains to exploit their genetic diversity 
as well as their divergent femoral BMD. The high degree of ge- 
netic polymorphisms enhanced the number of markers available 
with which to systematically analyze each chromosome for asso- 
ciation with femoral bone density. The femur was selected as a 
model site for genetic analyses because the majority of mineral is 
present in one bone compartment—cortical bone—and because 
femoral BMD data correlate well with such data from other sites 
(vertebrae, phalanges, tibia (Beamer et al. 1996)). We chose pQCT 
as the method for measuring the phenotype of peak femoral bone 
density in progenitor, F„ and F2 mice because of its ability to 
accurately and precisely measure mineral mass and bone volume. 
pQCT-based measurements have been found to correlate very 
closely with histomorphometric volume determinations and with 
total mineral ash weight in rats (Rosen et al. 1995a, 1995b) and in 
our mice. Comparison of pQCT total mineral density with density 
derived from traditional Archimedes principles yielded very simi- 
lar relative differences wherein B6 femurs were 70-74% of CAST 
femoral density. The consistent finding of a large relative differ- 
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ence in density between the two strains provided the basis for 
undertaking a genetic analysis of this trait. 

Our genetic analyses with F2 progeny from B6 and CAST 
progenitors indicate that numerous loci are associated with femoral 
BMD. Four chromosomes (Chrs 1, 5, 13, and 15) contained loci 
that achieved conservative statistical criteria which corrected for 
multiple tests conducted across the genome. These results support 
the hypothesis that bone density is a quantitative trait that can be 
partitioned into its genetic components. However, it is likely that 
the loci associated with femoral density identified in the cross 
between B6 and CAST represent only a beginning in the quest for 
locating bone density genes. Although B6 and CAST are highly 
polymorphic for PCR-based SSLP markers that identify anony- 
mous DNA segments, strain differences for alleles coding for true 
genes are not as abundant. Thus, alleles for femoral BMD genes 
that B6 and CAST share would not be detected. Given that the 
biochemical processes underlying bone morphology and function 
are exquisitely complex, other crosses are required to provide a 
more complete picture of loci regulating even one aspect of skel- 
etal biology. 

The size of each identified QTL varies from approximately 6 to 
31 cM in length. Silver (1995) estimates that 1 cM of genetic 
distance in the mouse contains approximately 60-70 genes. Thus, 
the smallest QTL region on Chr 13 could contain as many as 400 
genes. The current large size of the QTL regions renders premature 
any discussion of candidate genes at this time. Likewise, the ho- 
mologies found with human Chrs 1 and 4 should be considered 
tentative until QTL regions are reduced in size. In order to identify 
the bone density regulatory gene(s) within each QTL region, it is 
necessary to reduce the size of the QTL region so that fewer 
candidate genes need be considered and gene cloning can be un- 
dertaken. We are approaching this task through development of 
congenic strains that isolate QTLs in the B6 genetic background. 
These congenic strains will facilitate positional cloning, investiga- 
tion of single and interactive gene effects, and provide in vivo 
models for biological studies. 

We found that the QTLs on four chromosomes accounted for 
13% of the variance in 694 B6CAST-F2 femoral BMD. It is likely 
the QTL-related variances are modestly underestimated, owing to 
recombination between the true QTL and the marker loci used to 
represent them in the regression model. On the other hand, when 
the percentage variances accounted for were calculated for the 145 
mice in the 'extremes' groups, the values were severalfold higher. 
This difference in amount of variance accounted for is owing to 
fact that the whole population variance is not assessed in the 'ex- 
treme' selection designs. The overestimate can be significant, i.e., 
severalfold, and depends on a number of factors including the 
severity of 'extreme' selection, the size of the phenotypic effect, 
and the error variation. Independent of the actual variance ac- 
counted for by these four QTLs, the data raise questions of what 
other factors contribute to the difference in BMD of B6 and CAST 
progenitors documented in this report. At this time, our statistical 
analyses did not support gene-gene interaction as a major expla- 
nation. Nevertheless, this does not imply absence of interaction 
effects because 1) the genome threshold criterion is so stringent 
when all pairs of loci are tested that real QTLs may be eliminated, 
and 2) the ANOVA F-test is not specific and may have low sta- 
tistical power even with the sample sizes used here. Another fac- 
tor, measurement error, has been partially assessed by showing 
precision of measurement by a single operator is 1.2%; multiple 
operator error has not been evaluated. The remaining obvious fac- 
tors are biological (litter number and litter size), as well as envi- 
ronment and associated environment-gene interaction, which have 
not been experimentally analyzed in this cross. 

Recently, Klein and associates (1998) reported nine different 
chromosomes with QTLs for areal BMD by comparison mapping 
with the BXD RI strain set utilizing DEXA methodology. The 
unique nature of RI strains that facilitates single polymorphic gene 

mapping—all loci are homozygous for alleles from one or the 
other progenitor strain—presents challenges for polygenic quanti- 
tative trait analyses. Critical issues for RI strain analyses include 
detection of gene interactions that yield phenotypes identical to 
actions of other loci, assignment of intermediate phenotypes to 
progenitor classes, and decisions about how to classify RI strains 
with novel phenotypes (i.e., RI strain significantly different from 
both progenitors). Although a large number of loci for areal BMD 
make intuitive sense, putative loci need confirmation regardless of 
the biologic system employed for initial detection. 

Comparison of genetic loci derived from pQCT-based data and 
loci derived from DEXA-based data can be made, while recogniz- 
ing differences in methodologies. With respect to the methodolo- 
gies, both pQCT and DEXA are X-ray based methodologies that 
share the attributes of accurate and precise assessment of mineral. 
These methodologies differ in that pQCT estimates the volume 
containing that mineral for calculation of density, whereas DEXA 
utilizes the two-dimensional size of the skeletal specimen as a 
denominator for calculation of density. The problem of 'small 
skeletal size equals low areal BMD' continues to challenge inter- 
pretation of DEXA data (Carter et al. 1992), and indeed is also a 
factor in the BXD RI strain data set (Klein et al. 1998). Thus, 
mineral data could be comparable, but the indices of mass/unit 
"volume" are not, leading to the conclusion that the genetic analy- 
ses derived from different phenotypes are likely to reflect different 
bone properties. The same can be said about bone mass phenotypes 
derived from other methodologies (single x-ray absorptiometry, 
roentgenography, ultrasonography, magnetic resonance imaging, 
cortical thickness index) and consequent genetic data. Genes so 
identified are going to be those associated with the phenotype 
being measured, and differences should be anticipated. Neverthe- 
less, our belief is that some of these densitometry phenotypes will 
share the same genetic regulation. Support for this position stems 
from the finding that the Chr 15 QTL detected by pQCT in 
B6CAST-F2 analyses and by DEXA in BXD RI strain analyses are 
within 2 cM of each other (Klein et al. 1998). 

Other investigators are pursuing different models and ap- 
proaches for genetic analyses of bone regulatory genes. The Se- 
nescence Accelerated Mouse strains, designated SAM, were de- 
veloped as models for studies of aging and spontaneous osteopenia 
(Okamoto et al. 1995; Tsuboyama et al. 1993). Recently, Shimizu 
et al. (1999) reported an F2 intercross between osteopenic SAM-P6 
and normal bone mass SAM-P2 with QTLs for femoral cortical 
thickness index (surrogate for peak bone mass) on Chrs 11 and 13, 
with a possible third locus on Chr X. We note with interest that the 
SAM-P6 Chr 13 locus is virtually identical in location to the Bmd3 
locus on Chr 13 described in this report. Further familial studies in 
two different primates have recently identified bone regulatory 
loci. In a colony of pedigreed baboons, genetic studies reported by 
Mahaney et al. (1997) have located the first QTL for DEXA- 
derived areal BMD on baboon Chr 11. In a group of closely related 
human families, Johnson et al. (1997) reported finding a gene that 
results in high bone mass (HBM) linked to Chr llql2-13, also 
using areal BMD. In the same region of Chr llq, Koller et al. 
(1998) have reported linkage for another locus that contributes to 
normal variation in femoral neck areal BMD. Although the rela- 
tionship between these loci remains to be defined, Chr Ilql2-ql3 
represents a valuable discovery in the search for relevant bone 
regulatory genes. At this time, none of the eight loci identified in 
these B6CAST-F2 mice are homologous regions with either human 
or baboon Chr 1 lq loci. Nevertheless, these collective findings are 
vital initial steps in locating single genes that regulate normal bone 
density. 

In summary, the F2 intercross is a powerful experimental de- 
sign that, combined with molecular genetic analyses, demonstrated 
QTLs on four different chromosomes associated with BMD dif- 
ferences between B6 versus CAST inbred mice. Genetic marker- 
based regression analyses detected and characterized the effects of 
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bone density QTLs. This computationally efficient procedure al- 
lowed us to use permutations to correct for multiple comparisons 
and to conservatively assess the significance of associations From 
these conservative and rigorous analyses, we have designated four 
loci as Brndl^f, within which allelic differences account for a 
moderate percentage of variance in femoral bone density. Con- 
genic strains (containing QTLs from donor strains in a common 
background) will facilitate both molecular genetic efforts at clon- 
ing and cell biology studies to determine the effects and interac- 

tions among these genes. 
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Abstract. To identify (he genes, and the mechanisms that 
account for the 53% higher peak bone density in C3H/HeJ 
(C3H) mice compared with C57BL/6J (B6) mice, we are 
performing quantitative trait locus and phenotypic analyses. 
The phenotypic studies revealed differences in bone forma- 
tion and resorption, and showed that hindlimb immobiliza- 
tion (by sciatic neurectomy) caused a greater increase in 
endosteal resorption in the tibiae of B6 compared with C3H 
mice. The current studies were intended to examine the 
hypothesis that the bones of C3H mice are less sensitive to 
mechanical loading than the bones of B6 mice. To increase 
mechanical loading, 9-week-old female B6 and C3H mice 
(n =  10-13 mice/group) were subjected to a jumping ex- 
ercise (20 jumps/day, 5 days/week, to heights of 20-30 cm) 
for a total of 4 weeks. Control mice did not jump. Osteo- 
calcin, alkaline phosphatase (ALP) activity, and IGF-I were 
measured in serum. The left tibiae were used for histomor- 
phometry (ground cross-sections prepared at the tibio- 
fibular junction) and the right tibiae and femora were used 
for determinations of bone breaking strength (3-point bend- 
ing). The results of these studies revealed (1) significant 
effects of both mouse strain (B6 and C3H) and the jumping 
exercise on tibial strength; (2) an exercise-dependent in" 
crease in serum IGF-1 in C3H. but not B6 mice; and (3) no 
effects on serum ALP or osteocalcin. The histomorphomet- 
ric analyses showed no effect of exercise on C3H tibiae, but 
significant exercise-dependent increases in total bone area, 
periosteal perimeter, periosteal mineral apposition rate 
(MAR), and periosteal bone formation (P < 0.02 for each) in 
B6 tibiae. There were no effects of exercise on periosteal 
resorption or any endosteal measurement in either C3H or 
B6 mice. Since the jumping exercise was designed to cause 
a two-three fold increase in muscular-skeletal loading at the 
tibio-fibular junction, and the calculated stress (g/mm2) at 
this sampling site was only 16% greater for B6 compared 
with C3H mice, we had anticipated that both strains of mice 
would show exercise-dependent increases in periosteal bone 
formation, with a greater response in the B6 mice. The lack 
of a response in the C3H tibiae demonstrates that the bones 
of C3H mice are less sensitive to mechanical loading (and 
unloading) than the bones of B6 mice. 

Key words: Exercise and mechanical stress 
Bone formation. 
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Although adult bone density is affected by environmental 
factors (e.g., diet and skeletal loading),'recent studies esti- 
mate that as much as 70% of peak bone density is geneti- 
cally determined [1-7]. With the expectation that the ge- 
netic determinants of peak bone density are similar in mice 
and men, we are performing quantitative trait locus (QTL) 
analyses on two inbred strains of mice to identify and isolate 
the genes that determine peak bone density [8-15]. The two 
mouse strains that we have chosen—C3H/HeJ (C3H) and 
C57BL/6J (B6)—are similar in size and weight and have 
bones of similar external size, but differ greatly with respect 
to adult peak bone density [8, 9, 15]. 

To provide a physiological/mechanistic framework for 
our QTL analyses, we are also conducting phenotypic stud- 
ies of bone formation and resorption in C3H and B6 mice. 
(A similar strategy combining QTL and phenotypic analy- 
ses has been applied to a murine model of accelerated skel- 
etal senescence [16, 17]). To date, our studies have revealed 
evidence of more bone resorption in B6 with C3H mice [11, 
14] and more bone formation in C3H mice compared with 
B6 mice [13]. Our phenotypic studies have also shown 
higher circulating levels of IGF-I in C3H compared with B6 
mice [ 12], and this was consistent with previous findings of 
higher growth hormone levels [18]. Together, the results of 
these phenotypic studies have led us to hypothesize that 
C3H mice have higher peak bone density than B6 mice due 
to genes that determine both the rates of bone formation and 
resorption. 

To gain more information on the phenotypic differences 
that determine peak bone density in these mice, we also 
tested in vivo responses to perturbations of skeletal metabo- 
lism (e.g., mechanical, dietary, pharmacologic). The first of 
these studies showed that hindlimb immobilization by sci- 
atic neurectomy caused a greater increase in bone resorption 
and a greater decrease in bone formation in the tibiae of B6 
mice compared with C3H mice [15]. Previous studies by 
Akhteret al. [19] have also revealed that the skeletons of B6 
mice showed greater load-dependent increases in bone for- 
mation (both endosteal and periosteal, in response to 4-point 
bending) compared with C3H mice. 
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Together these data suggested that the skeletons of B6 
mice are more sensitive to the effects of mechanical loading 
(and unloading) than the skeletons of C3H mice. (The gen- 
eral effects of exercise and loading are strain-related in- 
creases in bone formation and decreases in bone resorption, 
which result in increased bone volume [20-28]. The general 
effects of unloading and immobilization are increases in 
bone resorption and decreases in bone formation, which 
result in decreased bone volume [15, 26. 29. 30]). As a 
further test of this hypothesis, the current studies were de- 
signed to assess the effects of mechanical loading and. spe- 
cifically, a regimen of jumping exercise on C3H and B6 
mice. The jumping exercise, which forces axial loading 
(from muscular forces) on the femora and tibiae, has been 
shown to increase periosteal bone formation in rats, with a 
concomitant increase in bone-breaking strength (31. 32]. 
We assessed the effects of the jumping exercise (i.e.. mus- 
cular loading) on the hindlimb skeletons of C3H and B6 
mice with respect to bone-breaking strength; histomorpho- 
metric indices of bone formation and resorption; biochemi- 
cal indices of bone formation—osteocalcin in serum and 
ALP activity in serum and extracts of bone; and serum 
1GF-I, which can increase (in humans) in response to exer- 
cise [33-361. 

Materials and Methods 

the experiment. The jumping exercise protocol has been described 
in detail [31, 32]. Briefly, each mouse in the jump groups was 
placed at the bottom of a special cage, 10 cm wide, 10 cm deep, 
and 20-30 cm high (the height of the cage was adjustable). The 
jumping exercise was initiated by applying electrical current (80 
V) to the wire floor of the cage, applied only for the first 3 days of 
the 28-day exercise protocol because the mice learned to jump 
before the current was applied (i.e.. avoidance behavior). Each 
mouse in the jump groups jumped 20 limes per day, 5 days a week 
for 4 weeks. As the mice became accustomed to the jumping 
exercise, the height of the jump was increased from 20 cm in the 
first week to 25 cm in the second week, and 30 cm in the third and 
fourth weeks, by changing the height of the cage. Each mouse 
jumped from the floor of ihe cage to catch the top edge of the cage 
with its forepaws. The mouse was then returned to the floor of the 
cage to repeat the procedure. 

All mice were triple-labeled with a series of tetracycline (20 
mg/kg), calcein (20 mg/kg), and tetracycline injections 1, 14, and 
28 days prior to sacrifice. At the end of the experiment, sera were 
collected and the tibiae and femora were dissected from both hind- 
limbs. The right femora and tibiae were used for mechanical test- 
ing (bone-breaking strength studies, conducted at Chukyo Univer- 
sity). Frozen sera and dissected bones (including the fractured right 
femora and tibiae) were sent to the J L Pettis Memorial Veterans 
Medical Center for additional analyses including histomorphom- 
etry (left tibiae); bone levels of ALP activity (in extracts of the 
fractured right femora and tibiae); and serum levels of ALP activ- 
ity, osteocalcin, and IGF-I. All procedures were approved by the 
Animal Subjects Committee of the Chukyo University Graduate 
School of Physical Education. 

Chemicals and Supplies 

Calcein, tetracycline, and PNPP were purchased from Sigma (St. 
Louis, MO). Radioimmunoassay (RIA) kit components for osteo- 
calcin were from Biomedical Technologies. Inc. (Staughton. MA). 
Bio-Gel P-I0 and Bio-spin disposable chromatography columns 
(for use in the Biospin separation of IGF-I from IGF-binding pro- 
teins) were purchased from Bio-Rad (Hercules. CA). Goat anti- 
rabbit antibody and nonimmune rabbit serum were from Chemicon 
(Temecula. CA), rabbit anti-IGF-I antibodies were from the NIH 
(Bethesda, MD), and recombinant human IGF-I was from Ciba 
Geigy (Toms River. NJ). 

Mechanical Testing of Bone-Breaking Strength 

Bone-breaking force was measured with the right femur and tibia 
from each mouse by 3-point bending using a servo-controlled elec- 
tromechanical testing system (RX1600. I. Techno Corp.. Tokyo, 
Japan), as described for previous studies [32]. Breaking force was 
measured at the midpoint of each bone. The distance between the 
two bottom supports was 4 mm (2 mm either side of center), and 
the crosshead speed was 10 mm/minute. After each bone was 
placed on the support, the crosshead was applied to the center of 
the bone, and the force was increased by the motion of the cross- 
head until a fracture occurred. 

Animals and Treatment 

Five-week-old female C3H mice and B6 mice were obtained from 
Dr. Beamer's research colony at the Jackson Laboratory (Bar Har- 
bor, ME). The mice were housed in an accredited facility (Chukyo 
University, Toyota, Japan) on a 12-hour light/dark cycle, with food 
(standard chow) and water ad lib. The room temperature was kept 
at 23CC and the humidity was maintained at 55%. After 1 month 
of acclimation, the mice were randomly assigned to either the jump 
exercise or the nonexercised control groups (n = 10-13 mice/ 
group). The design of this study did not include analysis of basal 
(pretreatmeni) controls.1 The mice were 9 weeks old at the start of 

'The design of this study did not include basal control groups 
(9-wcek-old C3H and B6 mice analyzed at the beginning of the 
jump-exercise regimen). Although this omission precluded an as- 
sessment of effects of growth druing the 4 weeks of exercise (and 
calculations that require basal values, such as net endosteal resorp- 
tion), it did not affect our assessments of the effects of jumping 
exercise on the measured indices of bone formation and resorption 
and cortical and medullary areas at the tibio-fibular junction. We 
can assess effects of exercise by comparison with untreated con- 
trols, but without the pretreatment controls we cannot assess the 
possible significance of interactions between exercise and growth. 
(For example, the apparent effect of exercise to increase periosteal 
growth could represent a retardation of the age-dependent decrease 
in growth.) 

Histonwrphometric A nalyses 

The left tibia from each mouse was used for histomorphometric 
analyses. Undecalcified ground cross-sections (30 p,m thick) were 
prepared at the tibio-fibular junction. This method was selected 
because it is suitable for the analysis of cortical bone and because 
it had been used successfully in previous studies with rats [37. 38j 
and with these inbred strains of mice |11, 15). Although the data 
obtained by this method are limited (i.e.. compared with sagittal 
thin section data, which also provides measurements of trabecular. 
metaphyseal bone), the method allows measurements of medullary 
area, cortical bone, and both endosteal-and periosteal-forming and 
resorbing surfaces (i.e.. fluorescent-labeled and eroded perimeters, 
respectively) and therefore was sufficient for this test of our hy- 
pothesis. From the ground sections, we determined total bone area 
(total' cross-sectional area within the periosteal perimeter), total 
medullary, and the lengths of the periosteal and endosteal perim- 
eters. We also measured the endosteal and periosteal bone-forming 
perimeters as (1) the absolute length of the non-eroded, single- 
labeled endosteal and periosteal perimeters; and (2) the ratio of 
non-eroded, single-labeled perimeter to total endosteal and peri- 
osteal perimeter. Endosteal and periosteal bone-resorbing perim- 
eters were determined as (1) the absolute length of eroded surfaces 
on the endosteal and periosteal perimeters; and (2) the ratio of 
eroded perimeter to total endosteal and periosteal perimeter. The 
endosteal and periosteal mineral apposition rates (MAR) were cal- 
culated as the mean distance between the first and last fluorescent 
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labels divided by the interval (in days) between them. Periosteal 
bone formation was calculated as the product of periosteal MAR 
and the average length of forming surface on the periosteum. His- 
tomorphometric indices are consistent with the recommendations 
of the American Society of Bone and Mineral Research [39], and 
histomorphometric measurements were made using the OsteoMea- 
sure® system (OsteoMetrics Inc.. Atlanta. GA). The preparation 
and measurement of ground cross-sections of bone at the tibio- 
fibular junction (along with relevant line drawings and photo- 
graphs) have been described in detail |15. 37]. 

Extraction of Femora and Tibiae 

The right femur and the tibiae (which had been fractured to de- 
termine breaking strength) were freed of adherent tissue, cut near 
the midpoint, and incubated overnight in phosphate-buffered- 
saline containing 0.01% azide at 4°C (1.5 ml/bone) to remove 
marrow and contaminating serum 113, 40]. Each bone was then 
extracted in 1.5 ml of 25 mmol/liter NaHCO, (pH 7.4) containing 
0.01% azide and 0.01% Triton X-100 for 72 hours at 4°C. The 
extracts (centrifuged to remove insoluble material) were used for 
measurements of ALP activity. The extracted bones were dehy- 
drated (24 hours in 70% ethanol. I ml/bone at 37°C), dried (18 
hours at 37°C), and weighed using a Cahn microbalance (Model 
7500, Cahn Instruments, Cerritos. CA). 

Measurement of ALP Activity in Serum and Extracts of Femora 
and Tibiae 

As in previous studies [12, 23. I5|, ALP activity was measured by 
time-dependent formation of p-nitro-phenolate from PNPP (i.e., 
increased absoiption of light at 405 nm) in alkaline solution, using 
a microtiter plate spectrophotometer (EAR400/340AT, Labinstru- 
ments, Vienna, Austria). Reactions were initiated by the addition 
of 0.005-0.025 ml of serum or bone extract to a total reaction 
volume of 0.3 ml (in 96-place microtiter plate wells) containing 10 
mmol/liter PNPP. I mmol/liter MgCL. and 150 mmol/liter car- 
bonate buffer, at pH 10. ALP activity was calculated as U/liter of 
serum and mU/mg dry weight of bone, where 1 unit is defined by 
I he conversation of 1 p.moI of substrate to product per minute at 
room temperature (25°C). 

Measurement of Osteocalcin in Serum 

Osleocalcin was measured in scrum by RIA |15] using kit com- 
ponents purchased from Biomedical. Duplicate aliquots of each 
serum sample and extract were measured and the average value 
was used for the analyses. Serum osteocalcin was expressed as 
ne/inl of serum. 

Measurement of IGF-I in Serum 

Serum 1GF-I was measured by RIA. after Biospin separation of 
IGF-I from serum IGF binding proteins [ 12. 41. 42]. The RIA used 
recombinant human IGF-I as a tracer and a standard, with poly- 
clonal antiserum. The intra- and inierassay variations for determi- 
nation of IGF-I were <I0%. The cross-reactivity of IGF-II in this 
RIA for IGF-I was <2%, and the sensitivity for IGF-I was 2-5 
ng/ml. 

Statistical Analysis of Data 

All data are shown as averages of replicates (usually as mean + 
SEM). Analytic methods included one- and two-way ANOVA, 
and nonparametric comparisons (e.g.. Kruskal-Wallis one-way 
ANOVA). using Systat statistical software (Systat. Inc., Evanston. 
ID. 

Results 

Four weeks of jump exercise had no effect on body weight 
or longitudinal growth of the tibiae or the femora in either 
strain of mice and these parameters were similar in C3H and 
B6 mice (Table I). Also summarized in Table 1 is our 
observation (by 2-way ANOVA and nonparametric com- 
parison) that the dry weight of the tibiae was increased by 4 
weeks of jumping exercise in the B6 mice. This effect was 
not observed with the C3H tibiae. The observations that the 
dry weights of femora and tibiae from C3H mice were 
greater than dry weights of bones prepared from B6 mice, 
irrespective of treatment (2-way ANOVA) were consistent 
with previous findings [13, 15]. 

Consistent with the effect of the jumping exercise to 
increase the dry weight of the tibiae in B6, but not C3H 
mice, the breaking strength studies revealed a jump- 
dependent increase in the breaking strength of the tibiae by 
2-way ANOVA (Table 2). The effect of the jump exercise 
to increase the strength of the tibiae did not reach signifi- 
cance when the B6 tibiae were analyzed alone (i.e., P = 
0.053 for jump versus control B6 mice, by Kruskal-Wallis 
test). These 3-point bending studies also demonstrated sig- 
nificantly greater breaking strength for both the femora and 
the tibiae from C3H, compared with B6 mice (i.e., an effect 
of the strain of mouse in our 2-way ANOVAs). 

As shown in Table 3, the current data (i.e., 2-way 
ANOVAs) confirmed our previous reports of higher levels 
of ALP in extracts of C3H compared with B6, femora, and 
tibiae [12, 13, 15], and higher levels of IGF-I in the sera of 
C3H compared with B6 mice [12]. The only observed effect 
of the jumping exercise on any tested parameter was a 
jump-dependent increase in the serum level of IGF-I in the 
C3H, but not the B6 mice (a 17% increase that was signifi- 
cant by nonparametric comparison, P < 0.05). We should 
note, however, that the serum bone formation indices (e.g., 
ALP and osteocalcin) are systemic and therefore reflect 
contributions from the total skeleton, whereas the local in- 
dices (i.e., bone extract ALP activities) are specific for the 
tibiae and the femora. Since the effect of jump exercise is 
presumed to be local (i.e., muscular loading on the tibiae 
and femora), any change in serum ALP or osteocalcin 
would reflect a change in the contribution of the hindlimb 
that was sufficient to alter the circulating total. 

Our histomorphometric studies showed a jump- 
dependent increase in periosteal perimeter (P < 0.02, by 
nonparametric comparison) in B6, but not C3H mice, with 
no effect of exercise on medullary area, endosteal perimeter, 
or endosteal MAR in either strain of mice. The results of 
these analyses of cross-sections prepared at the tibio-fibular 
junction are summarized in Table 4. These histomorpho- 
metric studies also confirmed our previous findings of 
greater medullary area and greater endosteal perimeter in 
B6 compared with C3H mice, with no difference in perios- 
teal perimeter |15]. The observed effect of jumping to in- 
crease periosteal perimeter (at this tibio-fibular sampling 
site) in B6, but not C3H mice, was associated with a similar 
increase in total bone area (total area within the periosteal 
perimeter). The jumping protocol resulted in a 3.8% in- 
crease in total bone area in the B6 mice, which was signifi- 
cant by nonparametric comparison (Fig. 1). These two ob- 
servations—jump-dependent increases in periosteal perim- 
eter and total bone area in B6, but not C3H mice—are 
geometrically consistent, as the perimeter defines the total 
area. 

Further histomorphometric analyses allowed for an as- 
sessment of the roles of bone formation and resorption as 
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Table 1. Effects of jump exercise on body weight and bone size 

B6 Mice                                      C3H Mice 

Parameter-                               Control              Jump                 Control Jump 

Body weight (g) 
Tibia dry weight (mg) 
Tibia length (cm) 
Femora dry weight (mg) 
Femora length (cm) 

20.8 ± 0.5 
28.fi ± 0.5 
1.78 ±0.01 
31.2 ±0.8 
1.56 ±0.01 

20.7 ± 0.2 
30.4 ± 0.6" 
1.76 ±0.01 
32.0 ± 2.8" 
1.56 ±0.01 

21.6 ±0.5 
31.2 ±0.6 
1.80 ±0.02 
33.9 ± 0.8 
1.51 ±0.01 

21.1 ±0.4 
31.9± 1.1 
1.79 ±0.02 
36.0 ± 1.4 
1.50 ±0.01 

Body weight was measured al the end of the experiment (i.e., after 4 weeks of jump exercise. 
20 limes per day, 5 days per week). The length and dry weight of the tibiae and femora were 
measured. All data shown as mean ± SEM (n =  10-13 per group) 
" Significant effect of jumping (compared with control mice of same strain), by nonparamet- 
ric analysis. P < 0.05 
h Significant difference compared with C3H mice receiving the same treatment, P < 0.05, by 
I-way ANOVA. Two-way ANOVA indicates significant effects of mouse strain (C3H vs B6) 
on tibial dry weight (P = 0.011) and femoral dry weight (P = 0.002), but no effect of jump 
exercise on either tibial or femoral dry weight. Neither ANOVA (1-way and 2-way) nor 
nonparametric comparisons revealed any significant intergroup differences in body weight, 
tibial leneih, or femoral length 

Table 2. Effects of jump exercise on bone strength 

Breaking force/body weight (mN/g) 

Mouse strain Bone Control Jump exercise Effect of exercise 

C3H Tibia 48.78 ± 1.27 51.12 ± 1.56 P = 0.258 
B6 Tibia 38.75 ± 1.14" 42.90 ±1.58" P = 0.053 
C3H Femur 63.46 ± 1.92 68.95 ± 2.45 P = 0.09 
B6 Femur 36.58 ± 1.96" 36.73 ±1.70° P = 0.96 

Body weight ranged from 20.74 + 0.22 g for the B6 jump exercise group to 21.58 ± 0.47 g 
for the C3H control group, with no significant intergroup differences. N = 10. 12. 13, 13, for 
B6 control. B6 exercise, C3H control, and C3H exercise, respectively. Breaking force of 
tibiae and femora determined by 3-point bending and normalized to body weight (mN/g). 
Data shown as mean ± SEM. Effect of exercise indicates the significance of a nonparametric 
comparison (Kruskal-Wallis 1-way ANOVA). A standard (parametric) 2-way ANOVA in- 
dicales significant effects of both mouse strain (P < 0.001) and jump exercise (P = 0.029) 
for tibia load/body weight, and a significant effect of mouse strain (P < 0.001) but no effect 
of exercise (P = 0.19) on femur load/body weight 
" Significant difference compared with C3H mice receiving the same treatment, P < 0.001 

presumptive determinants of the observed, jump-dependent 
changes in tibial breaking strength and periosteal perimeter 
in B6, but not C3H mice. We found no effects of either the 
jump exercise or the strain of mice (B6 versus C3H) on the 
relative length of endosteal bone-forming surface (Table 5). 
We did. however, find that B6 mice had smaller percentages 
of their endosteal and periosteal surfaces involved in resorp- 
tion. and a larger percentage of their periosteal surface in- 
volved in bone formation than the C3H mice. Two bone 
formation parameters were increased by the jump exercise 
(at our tibio-fibular junction sampling site) in B6, but not 
C3H mice. Figure 2 shows that the periosteal MAR was 
increased by 35% (P < 0.02 by nonparametric comparison) 
in the jump-exercised B6 mice but was not affected by 
jumping in the C3H mice. The rate of bone formation at the 
periosteum was similarly increased by jumping in B6 but 
not C3H mice (Fig. 3). 

Discussion 

The current studies demonstrate that musculoskeletal load- 

ing from a 4-week regimen of jumping exercise increased 
bone formation at our sampling site in the tibiae of B6 but 
not C3H mice. Our histomorphometric measurements, using 
ground cross-sections prepared at the tibio-fibular junction, 
revealed exercise-dependent increases in the periosteal pe- 
rimeter (and both the total and cortical areas enclosed), the 
periosteal MAR, and the rate of bone formation at the peri- 
osteum in B6 but not C3H mice. The jumping exercise also 
affected the breaking strength of the tibiae, but did not yield 
detectable changes in endosteal parameters or systemic 
bone formation indices (i.e.. ALP activity and osleocalcin in 
serum) in either strain of mice. Together, these data suggest 
that the jumping exercise caused a sufficient increase in 
periosteal loading in B6 but not C3H mice, to increase bone 
formation locally. Presumably, this resulted in an increase 
in periosteal osteoblast activity (as reflected by the in- 
creased MAR), and a consequent, adaptative, site-specific 
increase in periosteal bone volume, however, since we did 
not have a basal (pretreatment) control group, we cannot 
dismiss the possibility that exercise affected growth. 

Our findings are consistent with the results of a previous 
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Table 3 
activity 

. Effects of jump exercise on ALP 
in extracts of bone 

activity, osteocalcin, and IGF-1 in serum and ALP 

er 

B6 Mice C3H Mice 

Paramet Control Jump Control Jump 

Serum ALP (U/m!) 
Serum osteocalcin (ng/ml) 
Serum 1GF-I (ng/ml) 
Tibial ALP (niU/ing) 
Femoral ALP (mU/mg) 

0.167 ±0.010 
4.79 ±0.51 

231.6 ± 19.1 
4.04 ± 0.28 
4.12 ± 0.51 

0.147 ±0.010 
5.57 + 0.41 

211.4 ± 14.2 
3.56 ± 0.22 
4.04 ±0.31 

0.155 ±0.007 
3.74 ± 0.40 

391.1 ±21.8" 
5.03 ± 0.30 
4.29 ±0.24 

0.168 ±0.010 
4.21 ±0.36 

459.3 ±21.7hc 

5.07 ± 0.44" 
4.38 ± 0.44 

After 4 weeks of jump training (20 times a day. 5 days a week, n = 10-13 mice/group), sera 
were collected for measuremenls of ALP activity, osteocalcin, and IGF-I. In addition, the 
right tibiae and femora (which had been used for measurements of breaking strength) were 
extracted for measurements of ALP activity (expressed as mU/mg dry weight of bone). Data 
shown as mean ± SEM 
" Significant difference (by I-way ANOVA), compared with B6 mice receiving the same 
treatment, P < 0.01 
"/>< 0.001 
c Significant effect of jump exercise, P < 0.05 (by nonparametric, Kruskal-Wallis compari- 
son). Two-way ANOVA revealed significant mouse strain-dependent differences in serum 
osteocalcin (P < 0.005), IGF-I (P < 0.001), and tibial ALP (P < 0.001), but no jump 
exercise-dependent differences in any listed parameter 

Table 4. Effects of jump exercise on selected histomorphometric indices • 

B6 mice C3H mice 

Parameter                                             Control                              Jump Control Jump 

Periostea! perimeter (mm) 
Endosteal perimeter (mm) 
Medullary area (mm2) 
Cortical area (mm2) 
Endosteal MAR ((xm/day) 

3.15 ±0.01 
1.91 ±0.02 

0.281 ±0.007 
0.474 ± 0.008 

1.84 ±0.15 

3.22 ± 0.02" 
1.87 ±0.02 

0.272 ± 0.006 
0.513 ±0.017" 

1.87 ±0.13 

3.19 ±0.02 
1.44±0.05c 

0.166±0.008c 

0.610 ±0.013° 
1.18±0.20b 

3.20 ± 0.03 
1.46±0.03c 

0.163±0.007c 

0.613 ±0.015c 

1.46 ±0.03" 

After 4 weeks of jump training (20 times a day, 5 days a week), the mice were sacrificed to dissect the tibiae. Undecalcified ground 
cross-sections were made at the tibial-fibilar joint of the tibiae, followed by histomorphometric analyses 
" Significant effect of jump exercise (by nonparametric compared with control mice of the same strain), P = 0.015 
b Significant difference compared with B6 mice receiving the same treatment by 1-way (parametric) ANOVA, P < 0.05 
c P < 0.001. Two-way ANOVA indicates no effect of mouse strain or jump exercise on periosteal perimeter, and significant effects of 
mouse strain (P < 0.001), but not jump exercise on medullary area, endosteal perimeter, and endosteal MAR 

study by Akhter et al. [19] of external skeletal loading (by 
4-point bending) applied to the tibiae of C3H and B6 mice. 
Those studies applied a lateral compression (about 9 N) to 
the periosteal tibial surface, proximal to the tibio-fibular 
junction, 36-times/day, 6 days/week for a total of 3 weeks, 
resulting in load-dependent increases in periosteal and en- 
docortical bone-forming surfaces and endocortical mineral 
apposition in B6 but not C3H mice. Those studies also 
resulted in load-dependent increases in periostea! woven 
bone surface in both strains of mice, with greater increases 
in the B6 mice. Presumably, the observation of endocortical 
responses in the studies of Ahkter et al. reflects the effect of 
the 4-point bending to deform the entire bone (at both the 
periosteal and endocortical surfaces), whereas the skeletal 
loading with our jumping exercise was limited to the peri- 
osteum (to the points of muscle insertion). We might further 
speculate that our observation of an exercise-dependent in- 
crease in cortical area in the B6 but not the C3H mice, 
which was not evident in the studies of Akhter et al., was 
related to the fact that we used younger animals (9 weeks 
versus 16 weeks of age at the start of the studies). 

Although the jumping exercise did not result in changes 
in serum ALP activity or serum osteocalcin in either strain 
of mice, that was not surprising inasmuch as those serum 
markers are presumed to reflect bone formation in the total 
skeleton, and the effect of the jump exercise was localized 
to the hindlimb. Although we were somewhat surprised to 
find a jump-dependent increase in the circulating level of 
IGF-1 in the C3H but not the B6 mice, that observation was 
consistent with previous findings of exercise-dependent in- 
creases in serum IGF-I in humans [33-36]. Since the sys- 
temic increase in IGF-I was associated with increased mus- 
cular activity but not with increased bone formation (in fact, 
the B6 mice, which showed a jump-dependent increase in 
bone formation, did not show a similar increase in serum 
IGF-I), it is interesting to speculate that IGF-I synthesis may 
be more sensitive to exercise in C3H than B6 mice. We 
might further speculate that a differential sensitivity to 
IGF-I synthesis in response to exercise could account (at 
least, in part) for the higher circulating level of IGF-I in 
C3H compared with B6 mice [12]. Further studies are re- 
quired to resolve this issue and to answer the following 
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Fig. 1. Four weeks of jump exercise increases total bone area at 
the tibio-fibular junction in B6 but not C3H mice. Groups of 10-13 
C3H and B6 mice subjected to jump exercise (shown as solid black 
bars) or not exercised (control groups, shown as solid gray bars). 
Total cross-sectional area was measured in ground sections pre- 
pared at the tibio-fibular junction (i.e.. total area within the peri- 
osteal perimeter). Data are shown as mean ± SEM for each group. 
*Effect of jump exercise (a difference, compared with the control 
mice of the same strain), P = 0.016. by nonparametric compari- 
son. Two-way ANOVA showed no effects of mouse strain or jump 
exercise on total bone area. 

questions. Why didn't the 17% increase in serum IGF-I in 
jump-exercised C3H mice result in increased bone forma- 
tion? (Was the basal level of IGF-I already saturating, with 
respect to bone formation?) Was the jump-dependent in- 
crease in serum IGF-I in the C3H mice a consequence of 
hepatic or muscular (or skeletal) IGF-I synthesis, and was it 
growth hormone dependent? Finally, did the C3H mice 
have increased muscle mass compared with the B6 mice 
before or after the regimen of jumping exercise? 

Our observation of a higher basal level of serum IGF-I in 
C3H compared with B6 mice was consistent with previous 
findings [12], as were our observations of higher levels of 
ALP activity in tibial/femoral extracts of C3H compared 
with B6 mice [13, 15]. Our histomorphometric findings of a 
greater medullary area and a greater endosteal perimeter (at 
the tibio-fibular junction) in B6 versus C3H mice were also 
consistent with previous findings [15], as were our obser- 
vations of increased dry weight for tibiae and femora pre- 
pared from C3H compared with B6 mice [13, 15]. The 
current observations of greater breaking strength in the 
tibiae and femora of C3H compared with B6 (the control, 
non-exercised mice) should be regarded as preliminary until 
they can be confirmed with a larger number of animals. 

We believe the current findings are particularly interest- 
ing, because jump exercise provides a different method of 
skeletal loading than external bending [ 19] or compression. 
The forces applied to the bone result from muscular con- 
traction (as opposed to impact loading), and they are peri- 
osteal (i.e., transmitted by tendon insertions on the perios- 
teal surface of bone). Prior applications of this method have 
revealed that a jumping exercise can cause a significant 
increase in periosteal (but not endosteal) bone formation 
and breaking strength in the femora and tibiae of rats [31, 
32]. Previous studies (with different exercise regimens) 
have also established that exercise can increase the strength 
of mouse bone [43, 44] and bone density in humans [24, 45, 
46]. 

Although the current studies were not designed to mea- 
sure jump-dependent stresses on the tibiae (or changes in 
the strength or mass of hindlimb muscles), we can estimate 
the peak strains at the tibio-fibular junction [37]. This cal- 
culation (which is, at best, approximate because it incor- 
rectly assumes that the tibia is a hollow cylinder) indicates 
that the tibiae of B6 mice are subjected to a 16% greater 
load-related strain—at the tibio-fibular junction—than the 
tibiae of C3H mice2. Alternatively, we can calculate the 
peak strain at our sampling site by multiplying the cortical 
cross-sectional area (at the tibio-fibular junction) by a pub- 
lished estimate of the skeletal modeling threshold—about 
20 N/mm2 [47]. This calculation1 predicts a somewhat 
greater difference of 28%. We can also estimate that the 
jumping exercise required muscular exertion equivalent to 
the potential energy gained by elevating a 21 a mouse to 
heights of 20, 25, and 30 cm—0.0412, 0.0515.^ 0.0617 
J, respectively. If we assume that the mice ordinarily el- 
evate/displace their bodies by 1-10 cm (with normal motion 
and jumping, within the confines of a plastic cage), we can 
further estimate that the jumping exercise would have in- 
creased the maximum load by as much as two-threefold at 
the higher elevations. Since the C3H and B6 mice appear to 
move and jump in a similar manner (and are similar in 
weight), it follows that the muscular forces would have 
placed similar loads on their hindlimb skeletons during the 
jump exercise. Together, these estimates indicate that the 
increase in tibial musculoskeletal loading, as a result of the 
jump exercise, should have been much greater (16-28% of 
the basal value) than the difference in the peak strain at the 
tibio-fibular junction between the C3H and B6 mice. 

Recent studies have suggested that bone volume may be 
increased, in response to mechanical loading, when the load 
exceeds the normal range [23, 27]. Since the jump-related 
load should have exceeded the normal range in both the 
C3H and B6 mice, our results would not support this model, 
except for one further proviso—the model assumes an ini- 
tial condition in which the skeleton has adapted to the range 
of normal loading, so that bone volume is sufficient for 
mechanical support, but not unnecessarily redundant (i.e., 
unloaded bone should be lost to resorption). Therefore, our 

2 This method |38] applies the formula 

tfmax = WCf(R2 + r2)cosa + 4LbRsina)]/ir(R4 + r4) 

where R is the radius of the total bone area, r is the radius of the 
medullary area, o; is the angle at the sampling site between a 
vertical line and the long axis of the tibia when the knee is flexed 
(assumed to be 45°), Lb is the length of the tibia between the 
sampling site and its distal end, W is the final body weight, and C 
is the maximum portion of the body weight supported by the left 
hind limb—assumed to be half of the body weight. (This formula 
assumes that the skeletal structure can be modeled as a hollow 
column, and since the tibia is not a hollow cylinder, the calculated 
values should be regarded as approximate, at best). Application of 
this formula predicts peak stresses at our histomorphometric sam- 
pling site (the tibio-fibular junction), of 893 g/mm2 for the B6 mice 
and 1031 g/mm2 for C3H mice. (Although the maximal load at our 
sampling site occurs at an angle of 90°—1245 and 1439 g/mm2 for 
C3H and B6 mice, respectively—the B6/C3H load ratio of 1.16 is 
invariant). 
3 This calculation would also predict that the increase in cortical 
area in the exercised B6 mice (from 0.474 to 0.513 mm2) would 
have reduced the difference in peak strain at our sampling site (i.e., 
between the C3H and B6 mice) from 287r to 19%. 
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Table 5. Effects of jump exercise on bone-forming and resorbing surfaces 

B6 mice                                    C3H mice 

Parameter                                    Control             .lump                Control Jump 

Perioslcal-forming surface 
Periostcal-resorhing surface 
Endosleal-forming surface 
Enclosleal-resorbinsi surface 

58.0 ± 2.1 
28.9 ± 1.9 
67.8 ± 6.5 
25.3 ± 2.8 

65.2 ± 4.0 

26.6 ± 2.1 
72.4 ±7.1 

19.6 ±3.3 

55.9 ± 1.4 
33.4 ± 2.0 
65.4 ± 4.3 
30.0 ± 1.6 

54.7 ± 1.65" 
31.3 ±2.8 
61.2 ±2.1 
27.0 ± 1.4 

After 4 weeks of jump exercise (20 times a day. 5 days a week, n = 10-13 mice/group), 
undccalcillcd ground cross-sections, prepared at the tibio-fibilar junction, were used for 
histomorphomctric measurements of forming and resorbing surfaces. Both resorbing (scal- 
loped) and forming (single-labeled, nonscalloped) surfaces are shown as percent of total 
surface length (mean ± SEM). Absolute surface lengths may be determined by comparison 
with endosteal and periosteal perimeter lengths as specified in Table 4 
" Difference (by I-way ANOVA), compared with 1B6 mice receiving the same treatment. P 
< 0.05. Two-way ANOVA revealed no significant effect of either mouse strain or jump 
exercise on endosteal forming surface, and significant effects of mouse strain, but not jump 
exercise, on periostea I - form i ng surface (P < 0.02). periosteal-resorbing surface (P < 0.05). 
and endosteal-resorbing surface (P < 0.01). Nonparametric comparisons (Kruskal-Wallis 
I-way ANOVA) revealed no effect of jump exercise on any listed parameter, in either strain 
of mice 

2.25 

=■     1.75 

a     i.s 

1.25 

Control Jump Control Jump 

B6 Mice C3H Mice 

Fig. 2. Pour weeks of jump exercise increases periosteal MAR in 
B6 but not C3H mice. Groups of I0-13 C3H and B6 mice sub- 
jected to jump exercise (shown as solid black bars) or not exer- 
cised (controls, shown as solid gray bars). Periosteal MAR mea- 
sured as u.m/day. using the first and third Huoresceni labels, in 
ground sections prepared at the tibio-libular junction. Data are 
shown as mean ± SEM for each group.* Effect of jump exercise 
(compared with the control mice of the same strain). P = 0.0I2. 
by nonparametric comparison. One-way ANOVA revealed a sig- 
nificant difference between the B6 and C3H control groups {P < 
0.00I). and two-way ANOVA revealed a significant effect of 
mouse strain (P < 0.00I). but not jump exercise. 

Control Jump Control Jump 

B6 Mice C3H Mice 

Fig. 3. Four weeks of jump exercise increase periosteal bone for- 
mation in B6 but not C3H Mice. Groups of 10-13 C3H and B6 
mice subjected to jump exercise (shown as black bars) or not 
exercised (controls, shown as gray bars). Periosteal bone formation 
calculated as the product of MAR and the average length of peri- 
osteal-forming surface, and expressed as mm2/day (xl0"'3). in 
ground sections prepared at the tibio-fibular junction. Data are 
shown as mean ± SEM for each group." Significant effect of jump- 
ing (P = 0.011 compared with the B6 control):h significant effect 
of mouse strain {P < 0.04 compared with the C3H control), by 
ANOVA. A nonparametric comparison confirms the effect of the 
jump exercise to increase bone formation in the B6 mice. P - 
0.034. 

data are consistent with the general hypothesis that C3H 
mice have more redundant bone (bone volume in excess of 
that required to prevent fracture within the normal range of 
loading) than B6 mice. This is consistent with previous 
findings that C3H mice are less sensitive than B6 mice to 
resorptive bone loss with disuse and/or unloading [15] and 
with a previous report that the adaptive response to loading 
can differ in different genetic strains of chicken embryos 
[481. Indeed, since C3H and B6 mice are highly inbred 
strains, the results of these studies suggest that the mecha- 
nism(s) that result in more redundant bone and a decreased 

sensitivity to the effects of loading and unloading in C3H 
compared with B6 mice, are genetic and, therefore, ame- 
nable to QTL analysis. 

It is interesting to speculate that the higher levels (com- 
pared with B6) of IGF-I in the serum of C3H mice may be 
involved in the preservation of some of the redundant bone 
and the insensitivity to immobilization-dependent resorp- 
tion [15]. Two recent findings allow us to propose a role for 
IGF-I as an inhibitor of immobilization/unloading- 
dependent resorption: (I) bone loss from immobilization is 
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associated with apoptosis in osteocytes [49], and (2) IGF 
can inhibit apotosis [50. 511. Therefore, we hypothesize that 
the higher levels of IGF-I in C3H (compared with B6) mice 
may inhibit apoptosis in osteocytes, preventing resorption 
of unloaded bone and thereby increasing bone volume be- 
yond the normal level of redundancy. Additional studies are 
clearly required to examine this hypothesis. 
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Genetic Regulation of Cortical and Trabecular Bone 
Strength and Microstructure in Inbred Strains of Mice 
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ABSTRACT 

The inbred strains of mice C57BL/6J (B6) and C3H/HeJ (C3H) have very different femoral peak bone 
densities and may serve as models for studying the genetic regulation of bone mass. Our objective was to 
further define the bone biomechanics and microstructure of these two inbred strains. Microarchitecture of the 
proximal femur, femoral midshaft, and lumbar vertebrae were evaluated in three dimensions using micro- 
computed tomography (JLICT) with an isotropic voxel size of 17 /mm. Mineralization of the distal femur was 
determined using quantitative back-scatter electron (BSE) imaging. JACT images suggested that C3H mice had 
thicker femoral and vertebral cortices compared with B6. The C3H bone tissue also was more highly 
mineralized. However, C3H mice had few trabeculae in the vertebral bodies, femoral neck, and greater 
trochanter. The trabecular number (Tb.N) in the C3H vertebral bodies was about half of that in B6 vertebrae 
(2.8-1 ± 0.1 mm-1 vs. 5.1-1 ± 0.2 mm-1;/; < 0.0001). The thick, more highly mineralized femoral cortex of 
C3H mice resulted in greater bending strength of the femoral diaphysis (62.1 ± 1.2N vs. 27.4 ± 0.5N, p < 
0.0001). In contrast, strengths of the lumbar vertebra were not significantly different between inbred strains 
(p = 0.5), presumably because the thicker cortices were combined with inferior trabecular structure in the 
vertebrae of C3H mice. These results indicate that C3H mice benefit from alleles that enhance femoral 
strength but paradoxically are deficient in trabecular bone structure in the lumbar vertebrae. (J Bone Miner 
Res 2000;15:1126-1131) 

Key words:   biomechanics, bone density, osteoporosis, genetics 

INTRODUCTION 

ALTHOUGH MANY environmental factors (i.e., diet and 
exercise) affect bone accumulation during growth, 

studies in twins have determined that about 70% of the 
variability in bone density is genetically based.(1_3) Most 
researchers have assumed that variation in bone density is 

influenced by multiple genes, but there may be a set of 
genes that disproportionately influence peak bone density.(4) 

Inbred strains of mice make useful models for studies of 
genetic effects on bone structure. Beamer et al.(5) showed a 
large variation in the femoral bone mineral content and 
density among 11 inbred strains of mice. The largest dif- 
ference was between C3H/HeJ (C3H) with 27.48 mg of 
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femoral mineral and C57BL/6J (B6) with 18.62 mg. Al- 
though the C3H femoral lengths and volumes were very 
similar to B6, the C3H had substantially thicker cortices. 
Consequently, the total bone mineral densities (BMDs) of 
the femora, determined using peripheral quantitative com- 
puted tomography (CT), were 0.691 mg/mm^ind 0.450 
mg/mm3, respectively, forC3H and B6 females at 4 months 
of age. 

The C3H and B6 mouse strains appear to be very good 
models for high and low bone mass, respectively. However, 
it is unclear how the single characteristic of femoral BMD 
reflects the bone mass at clinically important sites such as 
the femoral neck and lumbar vertebrae. One might presume 
that genes that control BMD have equal influence through- 
out the skeleton. However, this presumption has not been 
tested directly. Recently, Kline et al.(6> reported the inbred 
mouse strain DBA/2 had significantly lower whole body 
arcal BMD by dual-energy X-ray absorptiometry than that 
in B6. Conversely, Bcamer et al.<5) reported that femoral 
volumetric BMD in DBA/2 was significantly greater than 
that in B6. These contradictory results suggest that differ- 
ences in phenotypic assessment may complicate studies of 
the genetic influence on skeletal BMD. 

In the current study, we evaluated the bone microstruc- 
ture and biomechanical properties of several regions of the 
skeleton in inbred mouse strains B6 and C3H. We hypoth- 
esized that for these inbred strains, phenotypic trends in 
bone structure and strength will vary with anatomic loca- 
tion. 

MATERIALS AND METHODS 

Animal care 

Twenty-five female C3H mice and 25 female B6 mice 
were raised to 16 weeks of age at The Jackson Laboratory. 
These mice were group-housed in polycarbonate cages. 
Water was acidified with HC1 to achieve a pH of 2.8-3.2 
and was freely available. The diet used for all mice was 
pasteurized NIH 31 6% fat diet (vitamin and mineral forti- 
fied; Purina Mills, St. Louis, MO, U.S.A.) and was freely 
available. Use of mice in this research project was reviewed 
and approved by the Institutional Animal Care and Use 
Committee of The Jackson Laboratory. 

Biomechanical tests 

We measured bone strength at the midshaft of the femur 
and at two clinically relevant sites: the femoral neck and the 
lumbar spine. Femora were tested in three-point bending at 
room temperature. Load was applied midway between two 
supports that were 5 mm apart. Load-displacement curves 
were recorded at a crosshead speed of 0.5 mm/s using a 
microforce materials testing machine. Data were stored on a 
microcomputer. Ultimate force (Fu), stiffness (S), and work 
to failure (U) were calculated from the load-displacement 
curve as described elsewhere.(7> Fu reflects the strength of 
the bone, while S reflects the rigidity, and U is the energy 
necessary to cause a fracture. After the femur was fractured, 
cortical thickness was measured at the midshaft using dig- 

ital calipers accurate to 0.01 mm, with a precision of 
±0.005 mm (Mitutoyo, Aurora, JL). 

L5 vertebrae were dissected free and the posterior ele- 
ments were removed using a small clipper. The end plates of 
the vertebral body were cut parallel using a diamond wa- 
tering saw (Isomet, Buehler, Lake Bluff, JL, U.S.A.). Me- 
chanical tests were performed in compression using a ser- 
vohydraulic materials testing machine (810, MTS Corp., 
Minneapolis, MN, U.S.A.). All tests were done with the 
specimen submerged in 37°C saline using a displacement 
rate of 1 mm/s. From the resulting load-displacement curves 
Fu, S, and U were determined. There was some variation in 
the specimen height after the vertebral end plates were made 
parallel. Because stiffness and work to failure are affected 
by specimen height, these parameters were normalized by 
dividing U by specimen height and multiplying 5 by spec- 
imen height. 

The proximal femora were mounted vertically in alumi- 
num cylinders and fixed in place with cyanacrylate cement. 
Load was applied to the femoral head until fracture of the 
femoral neck occurred. Load-displacement curves were re- 
corded at a crosshead speed of 0.5 mm/s using a microforce 
materials testing machine. 

Microcomputed tomography 

A subset of intact bone samples (multisegment vertebrae 
or whole femur) were measured using desktop microcom- 
puted tomography (/uCT; JUCT 20, Scanco Medical AG, 
Bassersdorf, Switzerland). A microfocus X-ray tube with a 
focal spot of 10 /xm was used as a source. To perform a 
measurement, the specimen was mounted on a turntable that 
could be shifted automatically in the axial direction. Six 
hundred projections were taken over 216° (180° plus-half 
the fan angle on either side). A standard convolution- 
backprojection procedure with a Shepp and Logan filter was 
used to reconstruct the CT images in 1024 X 1024 pixel 
matrices. For each sample, a total of 100-200 microtomo- 
graphic slices, with a slice increment of 17 /urn, were 
acquired. Measurements were stored in three-dimensional 
(3D) image arrays with an isotropic voxel size of 17 ju,m. A 
constrained 3D Gaussian filter was used to suppress partly 
the noise in the volumes. The bone tissue was segmented 
from marrow using a global thresholding procedure/8' In 
addition to the visual assessment of structural images, mor- 
phometric indices were determined from the microtomo- 
graphic data sets. Cortical and trabecular bone were sepa- 
rated using a semiautomated contour tracking algorithm to 
detect the outer and inner boundaries of the cortex. In 
trabecular bone, basic structural metrics including bone 
volume density (BV/TV), bone surface density (BS/TV), 
trabecular number (Tb.N), trabecular thickness (Tb.Th), and 
trabecular spacing (Tb.Sp), were measured in three dimen- 
sions using direct 3D morphometry.(9) Previous studies have 
shown trabecular structural metrics measured using /xCT to 
closely correlate with those measured using standard histo- 
morphometry/10,1" 
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TABLE 1. BIOMECHANICAL MEASUREMENTS FOR C57BL/6J 
(B6) AND C3H/HEJ (C3H) MICE (MEAN ± SEM) 

Variable B6 (n = 25)      C3H (n = 25) 

Femur 
MN) 27.4 ± 0.5 62.1 ± 1.2a 

5 (N/mm) 157 ±3 258 ± 3° 
£/(mJ) 5.3 ± 0.3 11.7±0.5a 

Femoral neck 
^u(N) 19.0 ± 0.5b 16.2 ± 0.5 
S (N/mm) 90 ±5 118 ±3a 

t/(mJ) 2.9 ± 0.2" 1.3 ± 0.1 
Lumbar vertebra 

FU(N) 61.2 ± 2.7 63.7 ± 2.5 
Normalized 5 (N) 982 ± 58 1400 ± 81a 

Normalized U (mJ/mm) 3.6 ± 0.3" 2.5 ± 0.2 

ab Significantly greater than B6 or C3H, respectively (p < 0.01 
by unpaired f-test). 

Quantitative back-scattering electron imaging 

A subset of intact distal femoral samples were dehydrated 
in ascending grades of acetone and infiltrated in ascending 
grades of plastic/acetone (Spurr). Specimens were then em- 
bedded in Spurr resin and placed in a 60°C oven for 48 h to 
polymerize. The Spurr epoxy blocks were polished to 1 /u,m 
finish, mounted on a stub, and carbon coated. Multiple 
samples mounted on a large specimen holder were exam- 
ined in a Hitachi S2500 scanning electron microscope 
(SEM, Hitachi, Japan) operated at 20 kV and at a 15-mm 
working distance. To collect back-scattering electron (BSE) 
images, a Link Tetra BSE detector (Oxford Instruments, 
U.K.) was calibrated of quantitative image analysis using 
Al, A1202, and C standards. Changes in beam current were 
corrected by remeasuring against the Al standard. Images 
were collected at magnification X40. Images were separated 
into six equal bins of increasing intensity (gray levels) 
representing the mineralization level of the tissue and the 
percentage area of the specimen cross-section that fell in 
each bin was recorded. Comparison between the mineral- 
ization profiles was done using a cumulative logit func- 
tion.(12> 

Statistical tests 

Comparisons between B6 and C3H strains were made 
using an unpaired f-test implemented by Statview software 
(Abacus Concepts, Berkeley, CA, U.S.A.). 

RESULTS 

Data from biomechanical tests are summarized in Table 1 
and Fig. 1. C3H mice had greater femoral strength and 
cortical thickness compared with B6. Fu, S, and U for the 
femoral shaft were 2.2-fold, 1.6-fold, and 2.2-fold greater 
than B6, respectively (Table 1). The femoral neck of C3H 
mice was significantly stifferthan B6 (+31%; p < 0.01) but 
also was significantly weaker (-15%; p < 0.001) and 

B6 

C3H 

Femur 

Displacement (mm) 

Vertebra 

O.I 0.2        0.3        0.4 

Displacement (mm) 

Femoral Neck 

Displacement (mm) 

FIG. 1.   Average load-displacement curves from mechan- 
ical tests at the different skeletal sites. 

absorbed less energy before fracture (—55%; p < 0.001). 
There was no difference between the two strains in vertebral 
strength (Fu), while stiffness (5) was 43% greater in C3H (p < 
0.01) but work to failure (U) was 31% lower (p < 0.01). 

The JUCT images showed the substantially thicker femoral 
cortices in the C3H mice (Fig. 2A). fid images of the femoral 
neck showed a thinning of the neck diameter distal to the 
capsule attachment in the C3H strain (Fig. 2B). This anatom- 
ical feature, which clearly weakened the femoral neck in C3H 
mice, was not present in B6 mice (Fig. 2B). The /ACT further 
showed a lack of 3D trabecular bone structure in the lumbar 
vertebrae of C3H mice, compared with B6 mice (Fig. 2C). 
Femoral cortical thickness for C3H mice was 88% greater than 
in B6 mice, but the vertebral Tb.N was about 2-fold greater in 
B6 mice (Table 2). This reduction in Tb.N also was reflected 
in BS density, which was about 2-fold greater in B6 mice, and 
Tb.Sp, which was about 2-fold greater in C3H mice. Thus, 
C3H mice had ample cortical bone but were deficient in 
trabecular bone structure at the sites examined. Also, femoral 
cortical thickness was well correlated with femoral strength 
(r = 0.94; p < 0.0001) but had no correlation with vertebral 
strength (r = 0.1; p = 0.48). 

The distal femoral bone of C3H mice was more highly 
mineralized than that from B6 mice (p < 0.001). The C3H 
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TABLE 2. MORPHOLOGICAL MEASUREMENTS FOR C57BL/6J 
(B6) AND C3H/HEJ (C3H) MICE (MEAN ± SEM) 

C3H 

FIG. 2. /LICT section of the (A) midshaft of the femur, (B) 
femoral neck, and (C) L5 vertebral body for C57BL/6J (B6) 
and C3H/HeJ (C3H) mice. The images were measured in 
3D providing a 17-;u,m isotropic voxel size. 

mineralization profile determined by BSE was shifted 15% 
to the right (higher mineralization; Fig. 3). 

DISCUSSION 

The results support our hypothesis that the genetic influ- 
ence on skeletal bone structure and strength is site specific 

Variable B6 cm 
Femur 

Cortical thickness (mm) 0.294 ± 0.005 0.552 ± 0.010a 

Length (mm) 16.13 ± 0.06 16.01 ± 0.05 
Lumbar vertebra 

BV/TV (%) 24.1 ± 1.3b 16.0 ± 1.0 
BS/TV (mm-1) 8.5 ± 0.2b 4.4 ± 0.2 
Tb.N (mm-1) 5.1 ± 0.2b 2.8 ± 0.1 
Tb.Th (/urn) 61 ±2 69 ±4 
Tb.Sp (f«n) 199 ±9 388 ±11" 

a,b Significantly greater than B6 or C3H, respectively (p < 0.01 
by unpaired r-test). 

CO 
CD 

<    30 

CD 
CJ 

CD 
Q. 

3 4 5 6 7 

Mineralization Level 
FIG. 3. Mineralization of the femoral cortical bone from 
C57BL/6J (B6) and C3H/HeJ (C3H) mice determined using 
quantitative BSE imaging. BSE images were separated into 
six equal bins of increasing intensity (gray levels) repre- 
senting the mineralization level of the tissue and the* per- 
centage area of the specimen cross-section that fell in each 
bin was recorded to create a mineralization profile. The shift 
to the right of the C3H data indicates a significant increase 
in mineralization. 

and complex. The enhanced cortical structure in C3H bone 
was coupled with inferior trabecular structure in the lumbar 
spine and proximal femur. It is possible that the C3H mice 
have a unique combination of alleles for improved cortical 
bone and impaired trabecular bone. Perhaps C3H mice have 
a defect in endochondral ossification so there is a failure of 
the normal development of spongiosa. Alternatively, the 
lack of trabecular bone structure in C3H mice could have 
resulted through a mechanical adaptation to thick cortices, 
that is, the enhanced cortical bone structure probably carries 
the majority of the mechanical load, which could cause a 
stress shielding effect and subsequent resorption of the 
trabecular bone. Further studies of the early development of 
trabecular bone structure in C3H and B6 mice are needed to 
provide more definitive conclusions about the biological 
mechanism for the skeletal heterogeneity. Regardless of 
mechanism, it is clear that the observation of enhanced 
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femoral BMD does not necessarily imply improved bone 
strength at clinically relevant sites. This was particularly 
evident for the femoral neck of C3H mice for which the 
mechanical properties clearly were inferior to B6 although 
C3H has greater femoral BMD.<5) The reason for this dis- 
crepancy appears to be an anatomical feature in the distal 
region of the C3H femoral neck. The C3H neck diameter 
distal to the capsule attachment was reduced greatly, com- 
pared with B6, resulting in a weakened structure. In addi- 
tion, there was no correlation between the femoral cortical 
thickness and the vertebral strength, suggesting that femoral 
BMD is not related to vertebral mechanical properties. 
These findings suggest that the genes affecting BMD at a 
given skeletal site may not exert the most important regu- 
lation over bone strength or fragility at other skeletal sites. 

An interesting finding of this study was the relative ge- 
netic influences of cortical and trabecular bone structure. 
The skeleton of the C3H mice seemed to be made up 
predominantly of cortical bone, whereas the B6 mice had a 
more typical balance of trabecular and cortical bone vol- 
ume. As a result, C3H mice had superior mechanical prop- 
erties of the femoral midshaft, which is predominantly cor- 
tical bone, yet did not have greater vertebral bone strength 
although the C3H vertebral stiffness was greater. In fact, the 
vertebral properties of C3H mice could be considered infe- 
rior to B6 because of the reduced work to fracture. This 
finding suggests that the C3H vertebral bone structure was 
more brittle. Consequendy, it may be advantageous me- 
chanically to have a greater proportion of trabecular bone 
mass in vertebral bodies because this increases the work to 
fracture, thus reducing vertebral fragility, and reduces ver- 
tebral stiffness. Also, load distribution through trabecular 
bone may allow more efficient stress transfer to the soft 
vertebral discs and consequently throughout the whole 
spine. 

This study employed a relatively new and powerful juCT 
imaging technique. In fact, this represents the first use of 
this technique for analysis of inbred mouse strains. The 
results were very encouraging. The high-resolution images 
provided structural explanations for the measured biome- 
chanical properties. This was best illustrated for the femoral 
neck, where the observation of a narrowing of the distal 
femoral neck explained the inferior C3H biomechanical 
properties. The /xCT images of the C3H lumbar vertebrae 
illustrated a lack of trabecular structure, which explained 
why the "high bone mass" C3H mice did not have enhanced 
vertebral strength. 

Beamer et al.(5> reported total femoral BMD in C3H mice 
was significantly greater than in B6 mice. They also re- 
ported that the femoral cortical tissue density was over 30% 
greater in C3H mice, suggesting that C3H cortical bone 
tissue was more highly mineralized, compared with B6. 
However, the XCT 960M peripheral quantitative CT instru- 
ment used by Beamer et al.(5> has partial volume averaging 
errors associated with measuring the middiaphyseal en- 
dosteal edge. This leads to inaccurate assessment of cortical 
bone shell volume and cortical density (W.G. Beamer and J. 
Wergedal, unpublished results, 1999). Our new findings 
using BSE, show that C3H femoral bone tissue is 15% more 
highly mineralized compared with B6. Consequently, the 

increased femoral BMD in C3H mice results from the 
combination of increased cortical thickness and increased 
mineralization. 

In summary, the results from this study suggest the fol- 
lowing: 

(1) The elevated femoral cortical thickness in the C3H mice 
resulted in superior mechanical properties of the femo- 
ral shaft. 

(2) The improved femoral cortical thickness, mineraliza- 
tion, and strength in C3H mice was combined with 
inferior vertebral trabecular bone microstructure. Thus, 
strength of the lumbar vertebrae, a predominantly tra- 
becular bone site, was similar in C3H mice and B6 
mice. 

In addition, we found a difference in femoral neck 
strength that mainly was caused by an anatomical feature in 
the C3H femoral neck, rather than differences in bone mass 
between the strains. 
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Effects of Dietary Calcium Depletion and Repletion on 
Dynamic Determinants of Tibial Bone Volume in Two 
Inbred Strains of Mice 
Y. KODAMA,1 N. MIYAKOSHI,1 T. A. LINKHART,1'2 J. WERGEDAL,1'2 A. SRIVASTAVA,1 

W. BEAMER,3 L. R. DONAHUE,3 C. ROSEN,4 D. J. BAYLINK,1'2 and J. FARLEY1'2 

Jerry L. Pettis Memorial Veterans Medical Center, Loma Linda. CA, USA 
^Department of Medicine, Loma Linda University, Loma Linda, CA, USA 
3The Jackson Laboratory, Bar Harbor, ME, USA 
"Maine Center for Osteoporosis Research, St. Joseph Hospital, Bangor, ME, USA 

As an adjunct to our efforts to identify the genes that 
determine peak bone density, we examined phenotypic dif- 
ferences between two inbred strains of mice, C3H/HeJ (C3H) 
and C57BL/6J (B6), which are of similar size but differ with 
respect to peak bone density (e.g., C3H mice have 53% 
higher femoral bone density than B6 mice). The current 
studies were intended to compare the skeletal responses of 
C3H and B6 mice to 2 weeks of dietary calcium (Ca) deple- 
tion, followed by 2 weeks of Ca repletion. Initial studies 
showed that: (a) femur dry weight decreased during Ca 
depletion in both C3H and B6 mice (by 25% and 19%, 
respectively, p < 0.001) and most of this loss was recovered 
during Ca repletion; and (b) serum alkaline phosphatase 
(ALP) activity increased during Ca depletion, in both strains 
of mice (p < 0.001), and returned to normal after Ca reple- 
tion. Histological analyses of ground cross sections prepared 
at the tibiofibular junction showed that Ca-depletion in- 
creased medullary area in both C3H and B6 mice (indicating 
endosteal bone loss, p < 0.01), with reversal during Ca 
repletion. There were no effects of Ca depletion or repletion 
on periosteal bone growth. Endosteal bone forming surface 
and endosteal mineral apposition decreased during Ca de- 
pletion and increased during repletion in both C3H and B6 
mice (p < 0.05). Net bone formation decreased during Ca 
depletion in C3H mice, but not B6 mice (p < 0.01), and was 
normal during Ca repletion in both strains. Endosteal bone 
resorbing surface and net bone resorption increased during 
Ca depletion and decreased during repletion in both strains 
(p < 0.01). A supplemental study (of Ca depletion without 
repletion) confirmed the effects of Ca depletion on femoral 
dry weight and serum ALP activity (p < 0.001 for each). This 
supplemental study also showed that Ca deficiency increased 
serum parathyroid hormone (PTH) (p < 0.05) and decreased 
(tibial) cortical bone area and cortical mineral content (p < 
0.05 to p < 0.001) in both strains of mice. Together, these 
data demonstrate that the skeletal responses to Ca depletion 
and repletion are, qualitatively, similar in C3H and B6 mice. 

Address for correspondence and reprints: Dr. John Farley, c/o Research 
Service (151). Jerry L. Pettis Memorial Veterans Medical Center. 11201 
Benton Street, Loma Linda. CA 92357. 

(Bone 27:445-452; 2000)   © 2000 by Elsevier Science Inc. 
All rights reserved. 
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Introduction 

Although bone density is influenced by environmental factors, 
epidemiological studies estimate that 70% of human peak bone 
density is determined by genetics."'1516'23 To identify the genes 
responsible for the development of peak bone density, we are 
conducting a quantitative trait locus (QTL) analysis of two 
inbred strains of mice, C3H/HeJ (C3H) and C57BL/6J (B6), 
which differ with respect to peak bone density.5 C3H mice have 
higher peak bone density than B6 mice (e.g., a constant 53% 
higher total femoral bone density between the ages of 4 and 12 
months), although their body weights are similar and their bones 
are of similar external size.5 To date, our QTL analyses have 
shown that >70% of the peak bone density difference between 
these inbred strains of mice is determined by a minimum of five 
genetic factors.4,5'9'19-24 

As a supplement to these genetic studies, we are also char- 
acterizing the phenotypic differences between the skeletal tissues 
of the C3H and B6 mice. The goal of these phenotypic studies is 
to identify mechanistic, strain-specific differences in bone 
(and/or bone cells), which may reflect the actions of the bone 
density genes. To date, these studies have revealed: (a) decreased 
bone resorption in C3H mice; (b) in vitro evidence of fewer 
osteoclast progenitor cells in femoral bone marrow from C3H 
mice; and (c) lower levels of IL-6 production by C3H mice—all 
compared with B6 mice.219 Our histomorphmetric and biochem- 
ical analyses have also shown higher rates of bone formation and 
a greater number of osteoblast progenitor cells in the femurs of 
C3H mice, compared to B6 mice.9-24 Finally, our phenotypic 
studies have shown higher circulating levels of insulin-like 
growth factor (1GF-I) in C3H mice, as compared with B6 mice.24 

Together, these data suggest that the higher peak bone density in 
the C3H mice may be a composite consequence of more bone 
formation and less bone resorption, compared with B6 mice. 

Our phenotypic studies of the C3H and B6 mice have also 
included assessments of the effects of mechanical loading. We 
found that hindlimb immobilization (by sciatic neurectomy) 
increased bone resorption and decreased bone formation in the 

© 2000 by Elsevier Science Inc. 
All rights reserved. 
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tibiae of B6 mice, but had no effect on resorption, and a much 
smaller effect on formation, in the tibiae of C3H mice.17 Addi- 
tional studies have also revealed strain-specific differences in the 
skeletal responses of C3H and B6 mice to hormonal and load- 
related challenges. We have recently reported that increased 
musculoskeletal loading increased periosteal bone formation in 
B6 mice, but not C3H mice,18 and other laboratories similarly 
have shown that mechanical loading (by external four-point 
bending) increased bone formation in B6 mice, but not C3H 
mice.1 

Together, these data suggest that skeletal metabolism may be 
less sensitive to perturbations by mechanical and/or metabolic 
signals in C3H mice, as compared with B6 mice. This leads to 
the provocative hypothesis that the higher peak bone density in 
C3H mice, compared with B6 mice, may reflect the effect(s) of 
genes that determine sensitivities to these presumptive signals. 
The current studies were intended to extend our understanding of 
the regulation of bone volume in C3H and B6 mice by assessing 
the effect(s) of a metabolic challenge—dietary calcium (Ca) 
deficiency. The anticipated skeletal response to dietary Ca defi- 
ciency is increased serum parathyroid hormone (PTH), which 
affects an increase in endosteal bone resorption and an acute 
decrease in endosteal bone formation, allowing for a net removal 
of bone from the endosteal reservoir to compensate for the 
dietary deficiency.,0-20-21-26 The anticipated response to the res- 
toration of Ca is a reversal of these effects, and the restoration of 
endosteal bone volume.10'20 Because these metabolic skeletal 
responses are believed to be determined by systemic, endocrine 
factors (e.g., PTH), they are, in that sense, distinct from the local 
mechanisms that determine the effects of mechanical loading. 
Therefore, we reasoned that the current studies would allow us to 
extend our understanding of bone volume regulation in C3H and 
B6 mice. We elected to study young mice on the presumption 
that they would be more sensitive to Ca deficiency. As in 
previous studies of C3H and B6 mice,17,18 we assessed the 
skeletal effects of Ca depletion and repletion by measurements of 
skeletal alkaline phosphatase activity (a presumptive index of the 
rate of bone formation), in serum and extracts of bone, and by 
histomorphometric measurements at the tibiofibular junction. 
Our initial findings were extended in a second protocol, which 
allowed us to determine the effects of dietary Ca depletion on 
serum PTH and tibial bone density (measured by peripheral 
quantitative computed tomography [pQCT]). 

Materials and Methods 

Animals and Treatments 

Female C3H/HeJ (C3H) and C57BL/6J (B6) mice were pur- 
chased from the Jackson Laboratory (Bar Harbor, ME). The mice 
were housed on a 12 h light/dark cycle and fed standard labora- 
tory chow and water (ad libidum) during a I week acclimation 
period, before assignment to a treatment group, as specified in 
what follows. Serum and tissue samples were collected at the 
time of killing. Killing of animals was done by CO, inhalation 
followed by decapitation. All protocols were reviewed and ap- 
proved by the animal studies subcommittee (of the research and 
development committee) of the Jerry L. Pettis Memorial Veter- 
ans Medical Center. 

Materials 

The Ca-deficient diet (TD95027, <0.0I% Ca by weight) and the 
control diel (TD97I91, containing 0.6% Ca by weight) were 
purchased from Harlan Teklad (Madison, Wl). Both diet formu- 
lations include 0.4% phosphorus, 17.5% protein (17.4% from 

casein, 0.1 % from corn starch), and 6.3% fat (6% from soybean 
oil, 0.2% from casein, and 0.1% from corn starch) by weight. 
P-Nitrophenylphosphate (PNPP), calcein, tetracycline, and other 
chemicals were purchased from Sigma Co. (St. Louis, MO). 
Radioimmunoassay (RIA) kits for PTH were purchased from 
Nichols Institute (San Juan Capistrano, CA). 

First Ca-deficiency Study 

A total of 100 4-week-oId female mice (50 C3H mice and 50 B6 
mice) were purchased from the Jackson Laboratory. After 1 
week, the mice were randomly assigned to one of the following 
five treatment groups (n = 10 mice of each strain per group): (1) 
the basal control group (killed at the start of the study); (2) the 2 
week control group, which received the control diet (0.6% Ca) 
for 2 weeks; (3) the Ca-depletion group, which received the 
low-Ca diet (0.01% Ca) for 2 weeks; (4) the 4 week control 
group, which received the control diet (0.6% Ca) for 4 weeks; or 
(5) the Ca-repletion group, which received the low-Ca diet 
(0.01% Ca) for 2 weeks, and then the control diet (0.6% Ca) for 
an additional 2 weeks. Food and water were provided ad libidum. 
The mice were 5 weeks old at the start of the study and 5, 7, or 
9 weeks of age at the end. Except for the basal group, all mice 
were triple-labeled with calcein, tetracycline, and calcein. The 
fluorescent labels were injected intraperitoneally 1, 7, and 14 
days prior to killing.3-1017 Serum was collected for measurement 
of alkaline phosphatase activity. The left femora were dissected 
and extracted for measurement of bone-derived alkaline phos- 
phatase and bone dry weight, and the left tibiae were dissected 
and used for quantitative histomorphometry. 

Second Ca-deficiency Study 

A total of 104 3-week-old female mice (52 C3H mice and 52 B6 
mice) were purchased from the Jackson Laboratory. After 1 
week, the mice were randomly assigned to one of the following 
two treatment groups (n = 26 mice of each strain per group): (1) 
the 2 week control group, which received the control diet (0.6% 
Ca) for 2 weeks; or (2) the Ca-depletion group, which received 
the low-Ca diet (0.01% Ca) for 2 weeks. These mice were 4 
weeks old at the start of the study and 6 weeks of age at the end. 
Serum was collected for measurement of alkaline phosphatase 
activity and PTH. The right femora were dissected for prepara- 
tion of osteoclasts from marrow cells. The left femora were 
dissected and extracted for measurement of alkaline phosphatase 
and bone dry weight. The left tibiae were used for absorptiomet- 
ric measurements of density (at the tibiofibular junction). 

Histomorphometry 

In the first Ca-deficiency study, the left tibia from each mouse 
(except for the basal control group) was used for histomorphom- 
etry. Undecalcified ground cross sections (30 u.m thick) were 
prepared at the tibiofibular junction for histological measure- 
ments of endosteal forming surface, mineral apposition rate 
(MAR), and endosteal bone formation. This method was selected 
because it was fast (i.e., compared with procedures required for 
the preparation and analysis of thin sections—decalcification, 
fixation, embedding, staining, etc.) and because it had been 
applied in previous studies with rats1 and with mice.2,17'18 This 
method allows measurements of medullary area and both form- 
ing and resorbing surfaces, and was, therefore, sufficient for the 
purpose of our studies. From the ground sections, we determined 
total bone area (B.Ar; i.e., total cross-sectional area within the 
periosteal perimeter) and total medullary area (Ma.Ar). We also 
measured the endosteal bone forming perimeter as the absolute 
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Table 1. First Ca-deficiency study: Effects of depletion/repletion on femoral dry weight 

Time 

Femoral dry weight (mg) 

strain Control Depletion-repletion Significance 

B6 
B6 
C3H 
C3H 

2 weeks (Ca depletion) 
4 weeks (Ca depletion/repletion) 
2 weeks (Ca depletion) 
4 weeks (Ca depletion/repletion) 

30.4 ± 0.2 
35.6 ± 0.6 
30.5 ± 1.0 
37.0 ± 2.8 

24.8 ± 0.5 
33.7 ± 0.5 
22.9 ± 1.1 
34.1 ±0.8 

p < 0.001 
n.s. 

p < 0.001 
n.s. 

Control mice received the normal Ca diet (0.6% Ca) for 2 or 4 weeks and treated mice received either the low-Ca 
diet (0.01% Ca) for 2 weeks or the low-Ca diet for 2 weeks followed by the normal Ca diet for 4 weeks. Data 
shown as mean ± SEM (n = 8-10). At the beginning of the study period (i.e., the 0 week basal controls), femur 
dry weight averaged 21.65 ± 0.78 and 19.41 ± 0.54 mg for B6 and C3H mice, respectively (p < 0.05 by 
one-way ANOVA). Significance indicates effect of treatment (i.e., effects of Ca depletion and repletion, as 
determined by one-way ANOVA). n.s. indicates no significance (p > 0.05). Two-way ANOVA indicates an 
overall effect of treatment (p < 0.001), but not mouse strain, on bone dry weight. Two-way ANOVA also 
showed a significant effect of time (p < 0.001) and mouse strain (p < 0.02) on bone dry weight in normal Ca 
controls (i.e., at 0. 2, and 4 weeks). 

length of the noneroded, single-labeled perimeter (sL.Pm) and as 
the ratio of noneroded, single-labeled perimeter to total endosteal 
perimeter (sL.Pm/B.Pm). Endosteal bone resorbing perimeter 
was determined as the absolute length of eroded surface (E.Pm) 
and as the ratio of eroded perimeter to total endosteal perimeter 
(E.Pm/B.Pm). The MAR was calculated as the mean distance 
between fluorescent labels, divided by the interval (i.e., in days) 
between them. Net endosteal bone resorption was calculated as 
the difference between the observed changes in medullary area 
and net bone formation.3 Our measurements were focused on the 
endosteal surfaces, because the skeletal mineral reservoir, which 
is accessed to compensate for dietary Ca deficiency, is primarily 
endosteal.10 Histomorphometric indices were based on nomen- 
clature recommended by the American Society of Bone and 
Mineral Research,22 and histomorphometric measurements were 
made using the OsteoMeasure system (OsteoMetrics, Inc., At- 
lanta, GA). The methods related to the preparation and measure- 
ment of ground cross sections of bone at the tibiofibular junction 
(along with relevant line drawings and photographs) have been 
detailed in previous studies.317 These procedures were only 
applied to tibiae obtained in the first Ca-deficiency study. 

cortical mineral content as the density within that area. The 
machine was calibrated daily. Similar methods were used (with 
different equipment) in our previous studies of bone density in 
C3H and B6 mice.2,5-24 This procedure was only applied to tibiae 
obtained in the second Ca-deficiency study. 

Extraction of Femora 

As in previous studies,9'12 the left femora of each mouse was 
freed of adherent tissue, cut near the midshaft, and incubated 
overnight in phosphate-buffered saline containing 0.01% azide at 
4°C (1.5 mL/bone) to remove marrow and contaminating serum. 
Each bone was transferred to 1.5 mL of 25 mmol/L NaHC03 (pH 
7.4) containing 0.01% azide and 0.01% Triton X-100 for a 72 h 
extraction at 4°C. Each extract was centrifuged to remove insol- 
uble material and the extracted bones were dehydrated (24 h in 
70% ethanol, 1 mL/bone at 37°C), then dried (18 h at 37°C) for 
measurement of dry weight using a Cahn microbalance (Model 
7500, Cahn Instruments, Cerritos, CA). This procedure was 
applied to femora obtained in both the first and second Ca- 
deficiency studies. 

Measurement of Tibial Mineral Content 

Cortical mineral content was measured in isolated tibiae, by 
pQCT (at the tibiofibular junction), using a Stratec XCT 960M 
(Normald, Fort Atkinson, WI) and the Stratec XMICE software. 
This program calculates cortical bone area as the cross-sectional 
region between the endosteal and periosteal perimeters and 

Measurement of ALP Activity in Serum and Bone Extract 

As in our previous studies,9,13,24 ALP activity was measured by 
time-dependent formation of p-nitrophenolate from PNPP (i.e., 
increased absorption of light at 405 nm) in alkaline solution, 
using a microtiter-plate spectrophotometer (Model EAR400/ 
340AT, Labinstruments, Vienna, Austria). Reactions were initi- 

Table 2. First Ca-deficiency study: Effects of depletion/repletion on alkaline phosphalase (ALP) activity 

B6 mice C3H mice 

Treatment group Serum ALP Bone extract ALP Serum ALP Bone extract ALP 

Baseline control 
2 week control 
Ca depletion 
4 week control 
Ca repletion 

59.6 ± 6.4 
29.9 ± 1.8 
48.4 ± 3.3d 

24.1 ± 1.2 
27.5 ± 1.6 

2.58 ±0.16 
2.10 ±0.17 
2.01 ±0.14 
1.55 ±0.16 
1.23 ±0.08 

83.7 ± 7.5" 
32.7 ± 1.5 
40.2 ± l.6",d 

27.9 ± 2.0 
28.0 ± 2.3 

2.45 ±0.11 
2.11 ±0.08 
2.83 ± 0.1 Tx 

1.36 ± 0.08 
2.00 ± 0.14b,c 

All data expressed as mean ± SEM (n = 8-10). Serum ALP reported as milliunits per milliliter. and bone ALP 
as milliunits per milligram dry weight of femur. Two-way ANOVA shows significant effects of mouse strain and 
treatment on both serum and bone extract ALP activities, p < 0.001 for each. 
"Significant difference, by one-way ANOVA. compared with B6 mice at p < 0.05, and at bp < 0.005. 
••'Significant difference (by one-way ANOVA), compared with normal Ca diet control group of the same age and 
mouse strain (i.e.. an effect of treatment) at p < 0.05, and at d/> < 0.001. 
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Table 3. First Ca-deficiency study: Effects of Ca depletion/repletion on endosteal mineral apposition rate 
(MAR) and medullary area 

Mouse 
strain 

Endosteal MAR (|xm/day) Medullary area (mm2) 

Time Control Depletion-repletion Control Depletion-repletion 

B6 
B6 
C3H 
C3H 

2 weeks 
4 weeks 
2 weeks 
4 weeks 

1.49 ±0.10 
1.44 ±0.11 
2.69 ± 0.14c 

2.73 ± 0.13c 

1.50 ±0.14 
1.91 ±0.14" 
3.16 ± 0.20c 

3.18±0.12ac 

0.433 ±0.018 
0.420 ±0.014 
0.253 ± 0.007c 

0.231 ±0.001c 

0.493 ± 0.008" 
0.454 + 0.021 
0.378 ± 0.013b 

0.279 ± 0.012"'' 

Medullary area and endosteal MAR measured in ground cross sections of tibiae prepared at the tibiofibular 
junction Control mice received the normal Ca diet (0.6% Ca) for 2 or 4 weeks and treated mice received either 
the low-Ca diet (0.01% Ca) for 2 weeks or the low-Ca diet for 2 weeks followed by the normal Ca diet for 4 
weeks. All data expressed as mean ± SEM (n = 8-10). 
"Effect of treatment (i.e., compared with control mice of same strain at the same time, by one-way ANUVA) at 
p < 0.01, and at bp< 0.001. 
difference compared with B6 mice (i.e., at the same time and receiving the same treatment, by one-way 
ANOVA) at p< 0.001. 

ated by the addition of 0.005-0.025 mL of serum or bone extract, 
to a total reaction volume of 0.3 mL (in 96-place microtiter plate 
wells) containing 10 mmol/L PNPP, 1 mmol/L MgCl2, and 150 
mmol/L carbonate buffer (pH 10.3). ALP activity was calculated 
as milliunits per milliliter of serum and milliunits per milligram 
dry'weight of bone, where 1 unit is defined by the conversion of 
1 u,mol of substrate to product per minute at room temperature 
(25°C). This procedure was applied to serum and femoral ex- 
tracts obtained in both the first and second Ca-deficiency studies. 

Measurement of PTH in Serum 

PTH was measured, in the second Ca-deficiency study, using a 
commercial kit (Nichols Institute), according to the manufactur- 
er's instructions. Aliquots of serum—0.050 mL serum from each 
of four mice—were pooled to produce six different (aggregate) 
samples from the 26 mice in each of the four treatment groups 
(i.e., two groups for each strain of mice). Although this assay was 
developed for use in rats, the antibodies are cross reactive with 
mouse PTH, and the kit has been applied successfully to previous 
studies of mouse PTH.7'14 This procedure was only applied to 
serum obtained in the second Ca-deficiency study. 

Statistical Analysis of Data 

All data are presented as the average of replicates, usually as 
mean ± SEM. Analytical methods included analysis of variance 
(one-way and two-way analysis of variance [ANOVA]), using 
SYSTAT statistical software (Systat, Inc., Evanston, IL). 

Results 

First Ca-deficiency Study 

As shown in Table 1, 2 weeks of Ca depletion decreased femoral 
dry weight in both the C3H and B6 mice (i.e., compared with the 
normal dietary Ca control mice of each strain). Two weeks of Ca 
repletion was sufficient to correct this deficit. These observations 
suggest a net loss of bone from the femur during Ca depletion 
with bone volume recovery, during Ca repletion.* 

The results of our ALP assays are summarized in Table 2. 

»Although femoral dry weights did not differ between the C3H and B6 
mice, at 2 weeks or at 4 weeks, they differed at the basal timepoint (i.e., 
an 11.5% higher dry weight for C3H as compared with B6, femora). 
Furthermore, two-way ANOVA of the data from the normal Ca controls 

The baseline and normal dietary Ca control groups revealed that 
the C3H mice had higher serum levels of ALP activity than the 
B6 mice, at 5 weeks of age, and that serum ALP activity 
decreased with age in the control mice of both strains. The 2 
weeks of Ca depletion resulted in higher levels of serum ALP 
activity in both the C3H and B6 mice (compared to the 2 week 
controls), and these values returned to normal (i.e., to levels seen 
in untreated controls) during the subsequent 2 weeks of Ca 
repletion. Our measurements of ALP activity in femoral bone 
extracts showed age-dependent decreases in ALP activity in the 
control mice of both strains. Femoral extract ALP activity (i.e., 
milliunits per milligram dry weight of bone) was increased by Ca 
depletion, and remained increased after 2 weeks of Ca repletion 
in the C3H mice, but not the B6 mice.t 

Our histological analyses of ground cross sections (30 u.m 
thick) prepared at the tibiofibular junction) showed that neither 
Ca depletion nor repletion had any effect on total cross-sectional 
area in either C3H or B6 mice. Total bone area increased in the 
C3H mice during the experiment (i.e., with growth) from 
0.859 ± 0.026 mm2 in the basal control to 1.056 ± 0.020 and 
1.073 ± 0.017 mm2 after 2 and 4 weeks, respectively. Total bone 
area increased in the B6 mice, from 0.960 ±0.015 mm2 in the 
basal control, to 1.062 ± 0.024 and 1.100 ± 0.020 mm2 after 2 
and 4 weeks, respectively. 

(i.e., at 0, 2, and 4 weeks) showed a significant effect of mouse strain—a 
higher dry weight for the C3H bones. These findings were consistent 
with previous data9 and with the presumption that femoral dry weight 
reflects total femoral mineral content and total femoral density (i.e., total 
mineral/total volume). Both total femoral mineral content and total 
femoral density are maximal and, relatively constant, in C3H and B6 
mice (i.e., at a ratio of, about 1.5:1) between 4 and 12 months of age.5 

tThe apparent discrepancy between serum ALP and bone extract ALP in 
Table 2 is, in part, a consequence of the expression of bone extract ALP 
as milliunits per milligram dry weight of bone. In the normal Ca controls 
(i.e., at 0, 2, and 4 weeks), serum ALP is higher in C3H mice, as 
compared with B6 mice (p < 0.005 by two-way ANOVA). This is 
consistent with previous data.9 Although bone extract ALP/unit bone dry 
weight did not show a similar difference, both ALP specific activity 
(ALP/mg protein) and total ALP/bone did (p < 0.05 for each, by 
two-way ANOVA, data not shown). Again, this was consistent with 
previous studies, which had also demonstrated a loose correlation (r = 
0.45, p < 0.002) between ALP activities in serum and bone extracts.9 We 
should also bear in mind that serum ALP reflects the net contribution of 
the entire skeleton (which may differ from the femora), as well as lesser 
contributions from the liver and intestine. 
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Table 4. First Ca-deficiency study:  Effects of Ca-depletion/repletion on endosteal bone resorption and 
formation 

Mouse 
strain Time 

Net resorption (mm2 X I03) Net formation (mm2 X 103) 

Control Depletion-repletion Control Depletion-repletion 

B6 
B6 
C3H 
C3H 

2 weeks 
4 weeks 
2 weeks 
4 weeks 

12.3 ± 15.1 
0.4 ± 13.1 

26.0 ± 5.4 
4.6 ± 5.5 

68.4 ± 9.5" 
31.7 ±21.5 

132.0+ 12.6bc 

57.2 ± U.7b 

18.0+ 1.8 
19.5 + 1.1 
29.6 ± 2.2C 

30.4 ± 2.1c 

13.5 + 2.7 
16.8 ± 1.6 
10.6 + 2.6b 

35.6 ± 1.6° 

Net endosteal resorption and formation calculated for ground cross sections of tibiae prepared at the tibiofibular 
junction. Control mice received the normal Ca diet (0.6% Ca) for 2 or 4 weeks and treated mice received either 
the Iow-Ca diet (0.01% Ca) for 2 weeks or the low-Ca diet for 2 weeks followed by the normal Ca diet for 4 
weeks. All data expressed as mean ± SEM (n = 8-10). Net bone resorption calculated as the difference between 
the change in medullary area and net bone formation, during the final 2 week period (i.e., during the depletion 
or repletion phase for the 2 and 4 week groups, respectively). "Effect of treatment at p < 0.01 (compared with 
control group of same mouse strain and same time, by one-way ANOVA), and at hp < 0.001. 'Difference 
compared with B6 mice (same time and treatment, by one-way ANOVA) at p < 0.01. 

As shown in Table 3, 2 weeks of Ca depletion increased 
medullary area in both the C3H and B6 mice, and this effect was 
reversed (completely in the B6 mice) during the subsequent 
period of Ca repletion. Presumably, these changes reflected a net 
loss of endosteal bone during the 2 week period of dietary Ca 
deficiency with a compensatory restoration during the repletion 
period. Medullary area was greater in the B6 mice compared with 
the C3H mice for all times and treatments (p < 0.001 for each). 

Our histomorphometric measurements of bone formation in- 
dices showed significant effects of Ca depletion and repletion on 
bone formation in both strains of mice. Endosteal bone forming 
surface (single-labeled surface) was decreased during Ca deple- 
tion and increased during Ca repletion (i.e., compared with 

B6 Mice C3H Mice 

Figure 1. Time-dependent effects of Ca depletion and Ca repletion on 
endosteal bone forming surface in C3H and B6 Mice. Data from first Ca 
deficiency study. Length of endosteal labeled perimeter, expressed as 
percent of normal Ca control, is shown as a function of time (in weeks). 
Weeks 1 and 2 reflect the period of Ca depletion and weeks 3 and 4 
reflect the period of Ca repletion. Data expressed as mean ± SEM (n = 
8-10). "Difference, compared with control (by one-way ANOVA) at p < 
0.001. "Difference, compared with B6 mice (by one-way ANOVA) at 
p < 0.05, and at "p < 0.001. Control values averaged 67.00 + 5.68%, 
48.86 i 7.93%, 91.56 + 3.40%, and 77.00 ± 6.46% forming surface for 
B6 mice at I, 2, 3, and 4 weeks. Control values averaged 55.80 ± 4.01 %, 
47.00 ± 3.03%, 57.00 + 3.29%, and 55.30 ± 4.02% forming surface for 
C3H mice at 1, 2, 3, and 4 weeks. Endosteal perimeter length was 2.42 ± 
0.04, 2.57 ± 0.02, 2.30 ± 0.02, and 2.47 ± 0.05 mm for B6 2 week 
control, depletion, 4 week control, and repletion groups, respectively. 
Endosteal perimeter length was 1.86 ± 0.03, 2.25 ± 0.04, 1.76 ± 0.02, 
and 1.95 ± 0.05 mm for C3H 2 week control, depletion, 4 week control, 
and repletion groups, respectively. 

untreated controls) in both C3H and B6 mice. These results are 
shown in Figure 1. Endosteal mineral apposition was unchanged 
during Ca depletion, but increased during Ca repletion in both 
strains of mice—this is shown in Table 3. Finally, as shown 
Table 4, net endosteal bone formation was decreased (i.e., at our 
sampling site at the tibiofibular junction) during Ca depletion, in 
the C3H mice, but not in the B6 mice. (The error involved in 
calculating net bone formation in our groups of ten mice pre- 
cluded the possibility of statistical significance for a decrease of 
<25%.) 

Our histomorphometric analyses of bone resorption indices 
showed effects of Ca depletion and repletion in both strains of 
mice. As shown in Figure 2, the relative length of endosteal 
resorbing surface (i.e., scalloped surface) was increased during 
Ca depletion and decreased during Ca repletion, in both C3H and 
B6 mice. As shown in Table 4, our calculations of net bone 
resorption (i.e., changes in medullary area less net bone forma- 

Ca-Depletlon Ca-Repletion 

Figure 2. Effects of Ca depletion and Ca repletion on bone resorbing 
surface in C3H and B6 mice. Data from first Ca-deficiency study. Length 
of endosteal scalloped (nonlabeled) perimeter shown as percent of 
control (i.e., normal dietary Ca controls, of the same strain, at 2 weeks 
and 4 weeks). Data expressed as mean + SEM (n = 8-10). Endosteal 
scalloped (i.e., resorbing) surface lengths averaged 11.63 + 2.09% and 
35.20 + 2.71 % of the total endosteal surface for the 2 week B6 and C3H 
controls, and 4.56 ± 1.65% and 37.30 + 2.36% for the 4 week B6 and 
C3H controls, respectively. "Difference, compared with control (same 
strain and time, by one-way ANOVA), at p < 0.01. "Difference, 
compared with B6 mice (by one-way ANOVA), at p < 0.001. Two-way 
ANOVA indicates effects of mouse strain (p < 0.001) and treatment 
(p < 0.01). 
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Figure 3. Effects of Ca depletion on femur dry weight in C3H and B6 
mice. Data from second Ca-deficiency study. Dry weight of left femora 
shown as mean ± SEM (n = 26). "Difference, compared with control 
(same strain, by one-way ANOVA), at p < 0.001. bDifference, compared 
with B6 mice (same treatment, by one-way ANOVA), at p < 0.05. 
Two-way ANOVA indicates effects of mouse strain and treatment (p < 
0.001 for each). 

B6 C3H B6 C3H 

Control Ca-Depletion 

Figure 5. Effects of Ca-depletion on serum PTH. Data from second 
Ca-deficiency study, using pooled aliquots of serum, as described in 
Methods. Data expressed as mean ± SEM. "Difference, compared with 
B6 mice (same treatment, by one-way ANOVA), at p < 0.05, and at bp < 
0.03. cDifference, compared with control mice of the same strain (i.e., an 
effect of treatment, by one-way ANOVA), at p < 0.02, and at ap < 0.04. 
Two-way ANOVA indicates effects of mouse strain and treatment (p < 
0.001 for each). 

tion) also showed increases during Ca depletion, in both C3H and 
B6 mice. Net endosteal resorption remained increased after Ca 
repletion in the C3H mice but not the B6 mice. 

There were no effects of Ca depletion or Ca repletion on any 
measured periosteal parameter in either strain of mice, although 
the total periosteal forming surface was longer in the 4 week 
control B6 mice than in the 4 week control C3H mice (p < 0.01, 
data not shown). Periosteal MAR was not affected by Ca deple- 
tion or Ca repletion, but was higher in the C3H mice than in the 
B6 mice at each time and treatment condition (p < 0.01 for each, 
data not shown). 

150 

Serum ALP Femoral ALP 

Figure 4. Effects of Ca-depletion on ALP activity in serum and extracts 
of femora. Data from second Ca-deficiency study. Data expressed as 
percent of control (i.e., for the same strain of mice). ALP activities 
calculated as milliunits per milliliter of serum and milliunits per milli- 
gram dry weight of bone. "Difference, compared with same-strain con- 
trols (i.e., an effect of treatment, by one-way ANOVA), at p < 0.005; and 
at hp < 0.001. "Difference, compared with B6 mice (same treatment, by 
one-way ANOVA), at p < 0.005. Two-way ANOVAs indicate effects of 
mouse strain and treatment on ALP in bone and serum (p < 0.001 for 
each). Control values for serum ALP averaged 165 ± 4 and 135 ± 3 
mU/mL for B6 and C3H mice, respectively (p < 0.0I). Control values 
for femoral ALP averaged 7.8 ± 0.3 and 8.6 ± 0.4 mU/mg dry weight 
for B6 and C3H mice, respectively. 

Second Ca-deficiency Study 

As shown in Figure 3, femoral dry weight was greater for the 
untreated C3H mice (i.e., compared with the untreated B6 mice) 
and 2 weeks of Ca depletion decreased femoral dry weight in 
both these inbred strains. This was consistent with the results of 
our initial study, as was the finding (summarized in Figure 4) 
that Ca depletion increased the serum levels of ALP activity in 
both strains of mice. Also shown in Figure 4 is the effect of 2 
weeks of Ca-depletion to increase the amounts of ALP activity in 
the femora of both strains of mice. 

As summarized in Figure 5, 2 weeks of Ca depletion in- 
creased serum PTH in both the C3H and B6 mice. These studies 
also indicated higher circulating levels of PTH in B6, compared 
with C3H mice, under basal conditions and in response to the 
Ca-deficient diet. 

Table 5 shows the effects of Ca deficiency on densitometric 
measurements of cortical bone area and cortical mineral content, 
at the tibiofibular junction. Consistent with our earlier histolog- 
ical findings that 2 weeks of Ca depletion increased medullary 
area (i.e., at this sampling site—as shown in Table 3), we found 
that Ca depletion decreased cortical bone area and cortical 
mineral content in both C3H and B6 mice. Consistent with 
previous measurements of bone density at other skeletal sites,5 

these studies also revealed that cortical bone area and cortical 
mineral content were greater in the C3H than in the B6 mice. 

Discussion 

The results of these studies revealed that the skeletal responses to 
dietary Ca depletion and repletion are, qualitatively, similar in 
C3H and B6 mice. Both C3H and B6 mice showed decreases in 
femoral dry weight, with contrasting increases in the amount of 
ALP activity in serum, in response to dietary Ca deficiency. 
These changes were transient, returning to (or toward) the levels 
seen in untreated controls, after Ca repletion. The decrease in 
femoral dry weight was interpreted as evidence of a decrease in 
bone volume, and this inference was supported by our histolog- 
ical and absorptiometric measurements of tibial bone volume and 
density at the tibiofibular junction. Ca depletion was associated 
with an increase in medullary area in both C3H and B6 mice, and 
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Table 5. Second Ca-deficiency study: Effects on tibial cortical mineral content 

Mouse 

Value of indicatec parameter 

Parameter Control Ca deficient Difference 

Cortical bone area 
Cortical mineral content 
Cortical bone area 
Cortical mineral content 

B6 
B6 
C3H 
C3H 

0.535 ± 0.009 
0.532 ± 0.009 
0.666 ± 0.015b 

0.746 ± 0.018" 

0.485 ±0.010 
0.449 ± 0.011 
0.553 ±0.18" 
0.570 ± 0.023" 

p < 0.05 
p < 0.005 
p < 0.001 
p < 0.001 

Tibial cortical mineral content determined by peripheral quantitative computed tomography (pQCT) at the 
tibiofibular junction. Control mice received the normal Ca diet (0.6% Ca) for 2 weeks and treated mice received 
the low-Ca diet (0.01% Ca) for 2 weeks. Data expressed as mean ± SEM (n = 12/group). Difference refers to 
the comparison of control vs. Ca-deficient mice, with respect to each parameter (i.e., effects of treatment). 
Two-way ANOVA shows effects of mouse strain and treatment on both cortical area and cortical mineral 
content, p < 0.001 for each. 
"Difference compared with B6 mice of same age and treatment (by one-way ANOVA) atp < 0.005, and at "p < 
0.001. 

corresponding decreases in tibial cortical mineral content. His- 
tomorphometry further revealed that the net loss of endosteal 
bone was a composite consequence of increased bone resorption 
and decreased bone formation in both C3H and B6 mice. These 
effects on bone cell activities were associated with (and presum- 
ably determined by) the effect of Ca deficiency to increase serum 
PTH, again, in both strains of mice. 

Together, these findings support the general hypothesis that 
bone volume regulation was similar in C3H and B6 mice, with 
respect to the metabolic processes involved in accessing the 
endosteal mineral reservoir for maintenance of normal serum Ca 
and restoring endosteal bone, when the dietary Ca was returned 
to normal levels. Although further studies are required to ensure 
that there are no fundamental defects in the way that C3H mice 
regulate the number and activity of osteoblasts and osteoclasts in 
response to PTH and 1,25-dihydroxyvitamin D, the current data 
suggest there are none. In this regard, it is of interest to compare 
our findings with those derived from two previous studies of Ca 
deficiency in these two strains of mice. Those studies6,8 revealed 
that the greater cortical bone density of C3H mice was associated 
with higher serum levels of 1,25-dihydroxyvitamin D (i.e., com- 
pared with the levels observed in B6 mice), and with correspond- 
ingly higher efficiency of intestinal Ca absorption. Surprisingly, 
those studies also showed: (a) that low dietary Ca decreased 
serum 1,25-dihydroxyvitamin D (by about 50%) in both strains; 
(b) that, at normal (0.4%) dietary Ca, serum PTH was higher in 
C3H than B6 mice; and (c) that low dietary Ca increased serum 
PTH in B6 mice, but not C3H mice. Although we did not 
measure serum 1,25-dihydroxyvitamin D, the results of our 
studies showed: (a) that serum PTH was lower in C3H, compared 
with B6 mice, both under normal conditions and in response to 
a decrease in dietary Ca; and (b) that the decrease in dietary Ca 
was associated with increases in serum PTH, in both strains of 
mice. Although it is possible that the differences between the 
current data and the findings of Chen et al.6'8 are age- and/or 
gender-related (i.e., we used 5- and 4-week-old female mice, 
they used 8-week-old male mice), further studies are required to 
resolve these issues. 

Regarding the mechanism(s) that result in higher peak 
bone density in C3H mice, as compared with B6 mice, our 
previous studies suggested that the bones of C3H mice have 
greater cortical thickness within similar external vol- 
urnes.2'5'9-19'24 In other words, the bones of C3H mice have 
smaller medullary cavities than the bones of B6 mice, and that 
this appears to be a composite effect of more endosteal bone 
formation and less endosteal resorption.2-919 Although the 
biochemical events that result in these differences have yet to 
be determined, we have obtained several clues. First, we know 

that B6 bones (e.g., tibiae) show increased periosteal forma- 
tion in response to mechanical loading under conditions in 
which C3H bones do not.1,18 In addition, we learned that 
skeletal disuse (i.e., unloading) causes bone loss due to 
increased bone resorption in B6 mice, but not in C3H mice.17 

Finally, previous studies have shown that C3H mice have 
higher levels of IGF-I in serum and in bone,24 and higher 
growth hormone levels.25 Together, these data are consistent 
with the general hypothesis that C3H mice may attain (and 
maintain) higher bone density than B6 mice because of ge- 
netic differences in the response to mechanical loading, if that 
phenomenon is broadened to include its inverse—bone loss in 
response to unloading.17 This overview of the data also 
suggests that IGF-I may be involved in some aspect of the 
bone density difference between these inbred strains of mice. 
Although it is of interest to speculate that (at least, some of) 
the genes associated with the different bone densities in the 
C3H and B6 mice may reflect IGF-I regulation and/or skeletal 
responses to mechanical loading and unloading, we cannot 
dismiss the alternative of genetic differences in other aspects 
of osteoblast and/or osteoclast function. Further studies— 
including QTL analyses that are currently in progress4—are 
required to identify the genes and the associated physiological 
and biochemical mechanisms that account for the higher peak 
bone density in C3H mice, as compared with B6 mice. 
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Postnatal and Pubertal Skeletal Changes Contribute 
Predominantly to the Differences in Peak Bone Density 

Between C3H/HeJ and C57BL/6J Mice* 

C. RICHMAN,1 S. KUTILEK,1 N. MIYAKOSHI,1 A.K. SRIVASTAVA,1 W.G. BEAMER,2 L.R. DONAHUE,2 

C.J. ROSEN,3 J.E. WERGEDAL,' D.J. BAYLINK,1 and S. MOHAN1 

ABSTRACT 

Previous studies have shown that 60-70% of variance in peak bone density is determined genetically. The 
higher the peak bone density, the less likely an individual is to eventually develop osteoporosis. Therefore, the 
amount of bone accrued during postnatal and pubertal growth is an important determining factor in the 
development of osteoporosis. We evaluated the contribution of skeletal changes before, during, and after 
puberty to the development of peak bone density in C3H/HeJ (C3H) and C57BL/6J (B6) mice. Volumetric 
bone density and geometric parameters at the middiaphysis of femora were measured by peripheral quan- 
titative computed tomography (pQCT) from days 7 to 56. Additionally, biochemical markers of bone 
remodeling in serum and bone extracts were quantified. Both B6 and C3H mice showed similar body and 
femoral weights. B6 mice had greater middiaphyseal total bone area and thinner cortices than did C3H mice. 
Within strains, males had thicker cortices than did females. C3H mice accumulated more minerals throughout 
the study, with the most rapid accumulation occurring postnatally (days 7-23) and during pubertal matura- 
tion (days 23-31). C3H mice had higher volumetric bone density as early as day 7, compared with B6 mice. 
Higher serum insulin-like growth factor I (IGF-I) was present in C3H mice postnatally at day 7 and day 14. 
Until day 31, B6 male and female mice had significantly higher serum osteocalcin than C3H male and female 
mice, respectively. Alkaline phosphatase (ALP) was found to be significantly higher in the bone extract of C3H 
mice compared with B6 mice at day 14. These data are consistent with and support the hypothesis that the 
greater amount of bone accrued during postnatal and pubertal growth in C3H mice compared with B6 mice 
may be caused by increased cortical thickness, increased endostcal bone formation, and decreased endosteal 
bone resorption. (J Bone Miner Res 2001;16:386-397) 

Key words:    bone density, puberty, insulin-like growth factor I, osteocalcin, C3H/HeJ and C57BL/6J mice 

INTRODUCTION during the active growth phases early in life. This accumu- 
lation of bone mass determines the peak bone density at- 

THE RISK of developing senile osteoporosis in men and     tained during the third decade of life."2' About 60-70% of 
postmenopausal osteoporosis in women is in large mea-     variance in peak bone density is determined genetically,m 

sure determined by the amount of bone mass accumulated     and 40-50% of peak bone density is accumulated during 
,<4)   puberty.   ' Elucidation of the mechanisms regulating this 

"The view, opinions, and/or findings contained in this report are dramatic increase in skeletal mass during puberty is impor- 
those of the author(s) and should not be construed as a position, tanl in the effort to identify potential preventive or inter- 
policy, decision, or endorsement of the Federal Government or the ventive measures that would lower the risk of developing 
National Medical Technology Testbed, Inc. osteoporosis. 

'J.L. Pettis Veterans Administration Medical Center and Loma Linda University, Loma Linda, California, USA. 
2The Jackson Laboratories. Bar Harbor, Maine, USA. 
3St. Joseph Hospital, Bangor, Maine. USA. 
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SKELETAL CHANGES IN MICE DURING PUBERTY 387 

In humans, peak bone density is attained between 20 and 
30 years of age.(1-2) The most rapid accumulation in bone 
mass occurs in postnatal growth, from birth roughly to 3 
years of age, and during puberty, from 12 to 18 years of 
age.(5) This increase in bone mass closely correlates with an 
increase in body weight and height. Puberty is initiated 2 
years earlier in girls than in boys and during this period of 
pubertal maturation, a sexual dimorphism is established. 
The pubertal growth spurt lasts roughly 2 years longer in 
boys than in girls, such that boys are taller, stronger, and 
exhibit higher peak bone mass than do girls.(6> 

The most beneficial period for osteoporosis prevention 
may be during the rapid growth phases that occur within the 
first 20 years of life.<7> The attainment of higher peak bone 
mass during this period should lead to reduced risk for 
fracture later in life by increasing peak bone mass. 

In this study we are particularly interested in the different 
rates of bone remodeling occurring before, during, and after 
puberty. In studies comparing bone mass accumulation, 
Slemenda et al. found that higher peak bone mass in black 
girls is associated with lower bone turnover during puberty 
compared with that of white girls.(8) During puberty, a 
complex series of events occurs that impacts the changes in 
bone turnover and attainment of peak bone mass, such as 
periosteal expansion and endosteal contraction, longitudinal 
growth, modeling-dependent remodeling/9' and sex 
hormone-dependent reduction in bone turnover or remod- 
eling.00' With the development of assays for serum/urine 
levels of bone formation and resorption markers, the mea- 
surement of bone turnover in different conditions of growth 
or disease becomes possible. During growth and in osteo- 
lytic diseases, a high bone turnover rate exists/1 '~l4) 

Studies using mice as a model system have shown that 
mice, like humans, attain a peak bone density (at 4-6 
months of age). Some strains experience age-related bone 
loss (1 year and older) leading to osteopenia."5,16' Different 
strains of inbred mice have been shown to exhibit different 
peak bone densities"7' and responded differently to ovari- 
ectomy.(18) Similar to human studies using monozygotic 
and dizygotic twins, different strains of inbred mice provide 
genetically identical animals to dissect out the role of indi- 
vidual genes and their products in the development of a trait 
or disease. However, unlike the design restraints on sample 
size and genetic diversity in humans, mice provide a rela- 
tively unlimited number of genetically identical subjects. 
Two inbred strains of mice, C3H/HeJ (C3H) and C57BL/6J 
(B6), which have the same body size and weight, previously 
have been shown to have very different peak bone 
densities."7'9"2" Therefore, we chose to compare these 
two strains to study the following: (1) the relative contribu- 
tion of postnatal (from birth until puberty), pubertal, and 
postpubertal growth to the final peak bone density of each 
strain; (2) the differences in bone remodeling between these 
two strains that may contribute to these different bone 
densities; (3) the differences in serum level of insulin-like 
growth factors (IGFs) between these two strains during 
postnatal, pubertal, and postpubertal growth; and (4) to 
determine if and when the sexual dimorphism in peak bone 
mass seen in humans after puberty also is seen in these 
mice. 

MATERIALS AND METHODS 

Recombinant human (rh) IGF-I (rhIGF-I) was a gift from 
Ciba-Geigy (Basel, Switzerland); rhIGF-II was purchased 
from BACHEM Chemicals (Torrance, CA, USA). Rabbit 
polyclonal antiserum against IGF-I (kindly provided by L.E. 
Underwood and J.J Van Wyk) was obtained form the Na- 
tional Hormone and Pituitary Program (Baltimore, MD, 
USA). Osteocalcin synthetic peptide was obtained from 
SynPep Corp. (Dublin, CA, USA). Paranitrophenol phos- 
phate was purchased from Fluka (Buchs, Switzerland). All 
other chemicals were enzyme grade and purchased from 
Fisher Scientific (Tustin, CA, USA) or Sigma Chemical Co. 
(St. Louis, MO, USA). 

In vivo work 

Animals: Inbred C3H and B6 breeder mice were pur- 
chased from The Jackson Laboratory (Bar Harbor, ME, 
USA). On receipt, the mice were allowed to acclimate to the 
new environment for 7 days and were then mated to produce 
the pups used in this study. 

Animal protocol: The female breeders were housed indi- 
vidually several days before expected parturition and fed a 
breeders' diet (10% fat content; Harlan Teklad, "Placentia, 
CA, USA). The pups were weaned and weighed on postna- 
tal day 21 using a digital scale (ACCULAB V-600) to the 
nearest 0.1 g. At weaning, the pups were fed regular rodent 
chow (4% fat content; Harlan Teklad) and housed 4-5 pups 
per cage with cages of females alternating with cages of 
males on each rack to eliminate uneven pheromone distri- 
bution. Pubertal maturation in B6 female mice begins when 
serum estradiol increases on day 26 and vaginal opening 
occurs by day 31.(22) In humans, puberty starts roughly 2 
years later in males than in females and ends later in males 
than females.'21' We calculated that in mice, this difference 
would constitute a 2-3 day delay for males compared with 
females, so that puberty should be completed by day 35 in 
males. Based on this data, we chose to collect pups at days 
7, 14, and 23 (before puberty starts); day 31 (at the end of 
puberty for the females); day 35 (at the end of puberty for 
the males); and on days 42,49, and 56. Pups were killed by 
C02 inhalation (dry ice) followed by decapitation. Whole 
blood was collected, allowed to clot, and then centrifuged. 
The serum was skimmed off and stored at -70°C until 
assayed. The left femur was dissected free of soft tissue 
keeping the condyles and femoral neck intact. This bone 
was used for the bone extract assay to determine bone- 
specific alkaline phosphatase (ALP) activity and bone size 
data. The right femur and proximal tibia were dissected free 
and stored in 70% ethanol for volumetric bone density and 
geometric parameter determination by peripheral quantita- 
tive computed tomography (pQCT) using an XCT Research 
M instrument (Norland Medical Systems, Inc., Fort Atkin- 
son, WI, USA). The experimental procedures performed in 
this study comply with the National Institutes of Health 
(NIH) guide for the Care and Use of Laboratory Animals. 
All animals studies were reviewed and monitored by the 
Animal Studies Subcommittee at the Jerry L. Pettis Veter- 
ans Administration Medical Center (Loma Linda, CA, 
USA). 
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Bone densitometry 

Volumetrie bone density and geometric parameters were 
determined by pQCT. Previously, pQCT has been validated 
as a reliable method of determining volumetric bone density 
and geometric parameters in mice.(l7) Routine calibration 
was performed daily with a defined standard (cone phan- 
tom) containing hydroxyapatite embedded in lucite (Nor- 
land Medical Systems, Inc.). The voxel size was set at 0.07 
mm and a half-millimeter-thick slice was scanned at the 
middiaphysis. Analysis of the scans was performed using 
the manufacturer-supplied software program (STRATEC 
MEDIZINTECHNIK GMBH Bone Density Software, ver- 
sion 5.40C; Norland Medical Systems). Volumetric bone 
density and geometric parameters were estimated with Loop 
analysis. For cortical analysis, the threshold was set at 350 
mg/cm3 for the 23- to 56-day-old mice. The 7- and 14-day- 
old mice had lower bone densities than did the 23- to 
56-day-old mice and could not be measured at the 350 
mg/cm3 threshold. Therefore, we used a threshold of 150 
mg/cm3 for the 7- to 23-day-old mice in the cortical anal- 
ysis. For cancellous analysis, the outer threshold was set at 
250 mg/cm3 and the inner threshold was set at 300 mg/cm3 

for 23- to 56-day-old mice, and 125 mg/cm3 and 150 mg/ 
cm3 for 7-to I4-day-old mice, respectively. Values for 7- 
and I4-day-old mice may be less accurate than for the older 
mice because of the lower threshold used, but we have 
included them in this article because they show the rapid 
growth that occurs during the postnatal period (days 7-23). 

Biochemical assays 

Femoral bone extraction: The freshly dissected left fem- 
ora were rinsed in IX phosphate-buffered saline (PBS) for 
24 h at 4°C and then transferred to 0.01% Triton X-I00 
(Sigma Chemicals) for 72 h at 4°C to extract the membrane 
bound ALP from the osteoblast cell surfaces. Bone-specific 
ALP activity and total protein content were determined for 
this extract. The femora were dehydrated in 75% ethanol 
and then allowed to dry out completely at 37CC. Once dry, 
the femoral length was measured to the nearest 0.01 mm 
using a caliper (Dial Caliper; Mitutoyo Corp.. Japan) and 
the bones were weighed to the nearest 0.01  mg using a 
balance (Millibalance model 7500, Electrobalance DTL; 
Cahn Instruments, Inc., Cerritos, CA, USA). 

ALP assay of bone extracts: ALP activity of the bone 
extract was determined using a paranitrophenol phosphate 
substrate as described previously.'24' 

Protein assay: The total protein content of the bone 
extract was determined using Bradford assay (BioRad. Her- 
cules. CA, USA) 

Osteocalcin assay: Osteocalcin levels in serum were 
measured by specific radioimmunoassay (RIA) that was 
previously validated for mice. The mouse osteocalcin RIA 
had a CV of less than 8%.(25) 

Separation of IGF binding proteins from IGFs: Because 
IGF binding proteins (IGFBPs) produce artifacts in IGF 
RIAs, complete separation of the IGFBPs from the IGFs is 
necessary in order for the IGF determinations to be valid. 
We have used previously validated BioSpin protocol to 
separate IGFs from IGFBPs.'26' 

IGF-1 RIA: IGF-I was measured by specific RIA as pre- 
viously described.'27' The cross-reactivity of IGF-II in the 
IGF-I RIA was less than 0.5%. The sensitivity of the IGF-I 
RIA was less than 50 ng/Iiter; the intra- and interassay CVs 
were less than 10%. 

IGF-II RIA: IGF-II was measured by specific RIA as 
previously described.'27' The cross-reactivity of IGF-I in the 
IGF-II RIA was less than 2%. The sensitivity of the IGF-II 
RIA was 0.1 /ig/liter; the intra- and interassay CVs were 
less than 10%. 

Statistics 

Results are reported as mean ± SD for 7-9 animals per 
group and compared by two-tailed three-way analysis of 
variance (ANOVA) and Newman-Keuls post hoc test using 
commercially available statistical software (STATISTICA; 
StatSoft, Inc., Tulsa. OK. USA). Results were considered 
significantly different for/7 < 0.05. 

RESULTS 

The pattern of growth in body weight, femur weight, size, 
and mineral density have been determined for C3H and B6 
mice for the postnatal, pubertal, and postpubettal growth 
periods. Although the general pattern of growth was similar 
for the two strains of mice, there were differences in femur 
bone growth. These differences were statistically significant 
as determined by three-way ANOVA (strain, sex, and day). 
The results of further analysis with Newman-Keuls post 
hoc testing are given in the tables and the figure legends. 

Physical measurements 

Body weight: Weight gain in all the mice was increased 
roughly 3-fold over day 7 during postnatal growth (days 
7-23). There was no difference in body weights between 
females of C3H and B6 mice at any time points. Male C3H 
mice were heavier than B6 male mice at day 42 and day 56 
(Tables I and 2). Within each strain, males gained more 
weight than females during pubertal growth (in B6, 161% 
for males and 133% for females; in C3H, 158% for males 
and 143% for females). Males were heavier than females at 
day 31 and thereafter for both strains (Tables land 2). 

Femoral bone weight: The fastest rate of femoral growth 
was during the postnatal period (days 7-23) when dry 
femoral weight increased 8-fold in B6 and 7-fold in C3H 
mice. The C3H bones were significantly heavier than the B6 
bones at day 42 and day 49 in male mice and at day 56 in 
female mice (Tables 1 and 2). 

Femoral bone length: Femoral bone length increased 
more than 2-fold in both strains of mice during postnatal 
period. Although femora of B6 mice were shorter on day 7. 
the length increased more than in C3H mice during postna- 
tal growth (days 7-23) so that there was no difference 
between strains from day 23 (Tables 1 and 2). Within 
strains, male femoral length was not different from that of 
females, either during or after puberty. 

Middiaphysis geometric parameters 

Area: Total area at the middiaphysis of the femur in- 
creased 2-fold during postnatal growth (days 7-23) in both 
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FIG. 1. Changes in medullary area in C3H and B6 mice from day 7 
to day 56. Medullary area increased significantly between days 7 and 
23 in both strains. Medullary area was greater by 45% or more in B(i 
mice compared with C3H mice for both sexes from day 14 onward. 
Medullary area was not significantly different in males versus females 
for either strain. Values expressed as mean of 7-9 animals ± SD; B6 
male mice; closed triangles: B6 female mice, closed circles: C3H male 
mice, open triangles: C3H female mice, open circles. 

B6 and C3H mice. There was no difference by strain or sex 
in total area on day 7 and day 14. Total area in B6 male mice 
was 9% (p = 0.028) greater than that of C3H males on day 
49 and 17% (/; < 0.001) greater on day 56. B6 female mice 
had 13% (j7 = 0.008) greater total area than did C3H 
females from day 23 onward (Tables 1 and 2). The total area 
at the middiaphysis in B6 males was 9% (p = 0.005) greater 
than that of B6 females on day 56 and the value for C3H 
males was 16% (p < 0.001) greater than that of C3H 
females on day 49. 

Cortical area: Cortical area at the middiaphysis of the 
femur was not different by strain or sex during rapid post- 
natal growth (days 7-23) but cortical area increased by 82% 
in B6 mice and 63% in C3H mice (Tables 1 and 2). C3H 
male mice had greater cortical area than did B6 male mice 
on day 31 (17%, /; = 0.02) through day 56 (13%, p = 
0.005). C3H female mice had greater cortical area than that 
of B6 female mice on day 31 (20%, p = 0.007), day 42 
(16%, p = 0.03), and day 56 (15%, p = 0.01). Within 
strains, cortical area was 13% (p = 0.03) greater in B6 male 
mice than in B6 female mice by day 56, while cortical area 
was 19% O < 0.001) greater in C3H male mice than in C3H 
female mice by day 42. 

Medullary area: Medullary area increased dramatically dur- 
ing rapid postnatal growth (days 7-23) in both strains of mice 
(Fig. 1). Medullary area at the middiaphysis of the femur was 
significanlly greater in B6 mice than in C3H mice from day 14 
(45% in B6 male mice vs. C3H male mice \p = 0.001] and 
55% in B6 female mice vs. C3H female mice [p < 0.001 ]). B6 
mice had greater medullary area than did C3H mice for the 
duration of the study. At day 56, B6 male and female mice 
exhibited 149% and 108% greater medullary area than C3H 
male and female mice, respectively. Within strain, there was no 
difference between sexes at any time during the study. 

Periosteal circumference: Periosteal circumference at the 
middiaphysis of the femur did not differ across strain or sex 
during rapid postnatal growth (days 7-14) (Fig. 2). B6 
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FIG. 2. Changes in periosteal circumference in C3H and B6 mice 
from day 7 to day 56. At day 23 periosteal circumference was 5% (p = 
0.03) greater in B6 male mice and 7% (p < 0.01) in B6 female mice 
than in C3H male and female mice, respectively. On day 56, periosteal 
circumference was 8% (p < 0.001) greater in B6 male mice and 12% 
(/7 < 0.01) greater in B6 female mice than in C3H male and female 
mice, respectively. Within strain, B6 male mice had 5% (p = 0.01) 
greater periosteal circumference than B6 female mice on day 56 and 
C3H male mice had 8% (p < 0.001) greater periosteal circumference 
than C3H female mice on day 42. Values expressed as mean of 7-9 
animals ± SD; B6 male mice, closed triangle; B6 female mice, closed 
circles; C3H male mice, open triangles; C3H female mice, open circles; 
SD = bars. 

female mice had 12% (p < 0.001) greater periosteal cir- 
cumference than that of C3H female mice at day 56, and B6 
male mice had 8% (/; < 0.001) greater periosteal circum- 
ference than that of C3H male mice at day 56. Within 
strains, periosteal circumference in B6 male mice was 5% 
(j) = 0.01) greater than that of B6 female mice by day 56 
and periosteal circumference was 8% (p < 0.001) greater in 
C3H male mice than that of C3H female mice by day 42. 

Endosteal circumference: Endosteal circumference of the 
middiaphysis increased 65-90% during rapid postnatal 
growth (days 7-23) and a total of 7-10% during pubertal 
(days 23-31) and postpubertal growth (days 31-56) in B6 
mice (Fig. 3). In C3H mice, endosteal circumference in- 
creased by 60-70% during rapid postnatal growth (days 
7-23) but did not change significantly throughout the rest of 
the study. Endosteal circumference was significantly greater 
in B6 mice than in C3H mice for the entire study. Within 
strains, endosteal circumference did not differ across sex for 
the entire study (Fig. 3). 

Cortical thickness: Cortical thickness at the middiaphysis 
of the femur was roughly 30% (p < 0.01) greater in C3H 
mice than in B6 mice throughout the study. Within strains, 
cortical thickness was 9% ip < 0.05) greater in C3H male 
mice than in C3H female mice from day 42. But no signif- 
icant differences across sex were evident in B6 mice (Fig. 
4). The greatest increase in cortical thickness occurred dur- 
ing rapid postnatal (days 7-23) and pubertal (days 23-31) 
growth, while the rate of change in cortical thickness de- 
creased dramatically after puberty. 

Bone densitometry 

Mineral content: Total mineral content of the femoral 
middiaphysis increased 4-fold in both B6 mice and C3H 
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FIG. 3. Changes in endosleal circumference in C3H and B6 mice 
from day 7 to day 56. Endosteal circumference was significantly greater 
in B6 mice compared with C3H mice at all age groups except at day 7. 
Endosteal circumference was not significantly different in male versus 
female mice for either strain. Endosteal circumference increased sig- 
nificantly between days 7 and 23 after which there was no significant 
difference in endosteal circumference. Values expressed as mean of 
7-9 animals ± SD; B6 male mice, closed triangles; B6 female mice, 
closed circles; C3H male mice, open triangles; C3H female mice, open 
circles; SD = bars. 
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FIG. 4. Changes in cortical thickness in C3H and B6 mice from day 
23 to day 56. Cortical thickness was significantly greater in C3H mice 
compared with B6 mice at all time points studied. Cortical thickness 
was significantly greater in male C3H mice compared with female C3H 
mice at days 42, 49, and 56. In B6 mice, the cortical thickness was 
significantly different in male mice compared with female mice. Cor- 
tical thickness increased significantly during puberty in both strains of 
mice. Values expressed as mean of 7-9 animals ± SD; B6 males mice, 
closed triangles; B6 female mice, closed circles; C3H male mice, open 
triangles: C3H female mice, open circles. 

mice during rapid postnatal growth (days 7-23; Fig. 5). 
Total mineral content in C3H mice was roughly 40% (p < 
0.01) greater than that of B6 mice throughout the study 
(44% on day 7,54% on day 31, and 38% on day 56). Within 
strain, total mineral content of B6 male mice was 25% (p = 
0.01) greater than that of B6 female mice and 23% (p < 
0.001) greater in C3H male mice than in C3H female mice 
on day 42. 

Density: Total volumetric bone density of the middiaphy- 
sis increased more in C3H mice (females, 81% and males, 
83%) than in B6 mice (females, 37% and males, 51%) 
during rapid postnatal growth (days 7-23). Greater volu- 
metric bone density was present in C3H mice on day 7 
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FIG. 5. Changes in middiaphyseal total mineral content in C3H and 
B6 mice from day 7 to day 56. On day 23, C3H male mice had 56% 
(p < 0.001) and C3H female mice had 51% (p < 0.01) greater total 
mineral content than B6 male and female mice, respectively. On day 
35, C3H male mice had 42% (p < 0.001) and C3H female mice had 
39% (/) < 0.001) greater total mineral content than B6 male and female 
mice, respectively. On day 56, C3H males had 36% (p < 0.001) and 
C3H females had 40% (p < 0.001) greater total mineral content than 
B6 male and female mice, respectively. Within strain, B6 male mice 
had 25% (/> = 0.01) greater mineral content than B6 female mice by 
day 42 and C3H male mice had 23% greater mineral content (p < 
0.001) than C3H female mice on day 42. Values expressed as mean of 
7-9 animals ± SD; B6 male mice, closed triangle; B6 female mice, 
closed circles; C3H male mice, open triangles: C3H female mice, open 
circles; SD = bars. 

(C3H vs. B6 female mice, 27%; C3H vs. B6 male mice, 
41%; /; < 0.05), and by day 56, this difference was even 
greater (C3H vs. B6 female mice, 60%; C3H vs. B6 male 
mice 62%; /; < 0.001). Within strain, there was no signif- 
icant difference in volumetric bone density between sexes 
(Tables I and 2). The greatest difference in rate of total 
density accretion occurred during rapid postnatal (days 
7-23) and pubertal (days 23-31) growth (Figs. 6 and 7). The 
rate of bone density gain in C3H mice during postnatal and 
pubertal growth was twice that of B6 mice, while it was not 
different after puberty. 

Biochemical assays 

Serum IGF-I: C3H female mice had significantly higher 
serum levels of IGF-I than did B6 mice on day 7 and day 14, 
whereas C3H male mice exhibited higher serum IGF-I 
levels at day 7 (Tables 1 and 2). In the pooled data from 
male and female mice, C3H mice had greater serum IGF-I 
levels than B6 mice at days 7, 14. 35, and 42 (data not 
shown). 

Serum IGF-ll: On day 7 and day 14, IGF-II levels were 
not different by strain or sex. By day 23, serum IGF-II was 
nearly undetectable and remained at low levels for the 
duration of the study (data not shown). 

Serum osteocalcin: Serum osteocalcin was significantly 
higher in B6 mice compared with that of C3H mice from 
day 7 (77%, p < 0.01) to 42 (33%, p < 0.01) in males and 
from day 7 (94%, p < 0.01) to 31 (42%, p < 0.01) in 
females. Serum osteocalcin increased roughly 2-fold during 
postnatal growth (days 7-23) in male mice of both strains 
and then decreased steadily until day 56. However, in fe- 
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FIG. 6. Changes in bone density in C3H and B6 mice from day 7 to 
day 56. Because bone density was not different between male and 
female mice of either strain, the data for both sexes were pooled (p < 
0.01). Total volumetric bone density of the middiaphysis was about 
30% greater in C3H mice than in B6 mice at day 7. C3H mice exhibited 
70% more bone density than did B6 mice after puberty (day 31). Bone 
density was significantly higher in C3H mice than B6 mice at all time 
points (p < 0.01). Bone density more than doubled during puberty in 
both strains of mice. Values expressed as mean of 7-9 animals ± SD; 
B6 mice, closed triangle; C3H mice, open triangles: SD = bars. 
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FIG. 8. Changes in bone-specific ALP activity in bone extracts for 
C3H and B6 mice from day 7 to day 56. On day 14, bone-specific ALP 
activity in C3H male mice was 75% (p < 0.001) and in C3H female 
mice was 95% (p < 0.001) greater than B6 male and female mice, 
respectively. On day 23, C3H male mice had 21% (p < 0.01) greater 
bone-specific ALP activity than B6 male mice, but C3H female mice 
were not different from B6 female mice. Values expressed as mean of 
7-9 animals ± SD; B6 male mice, closed triangle; B6 female mice, 
closed circles; C3H male mice, open triangles; C3H female mice, open 
circles; SD = bars. 

Days 

FIG. 7. Changes in the rate of volumetric bone density accretion per 
day in C3H and B6 mice from day 7 to day 56. C3H mice had a 2.8-fold 
and a 1.6-fold higher rate of bone accretion from day 7 to day 14 and 
from day 23 to day 31, respectively, compared with B6 mice. The gain 
in bone density for each time period was calculated from the mean 
value for each time period and was divided by the duration in days to 
obtain the rate. Male and female mice were calculated separately and 
used as replicate values for the calculation of significance. B6 mice, 
closed triangles; C3H mice, open triangles. 

male mice, serum osteocalcin levels doubled from days 
7-14 and then decreased steadily until day 56 (Tables 1 and 
2). Serum osteocalcin levels in female mice of both strains 
were 32% higher than those in male mice on day 14 (p < 
0.01), but were not different at other time points. 

Bone extract ALP: Bone extract ALP normalized for total 
extractable protein showed a 4-fold increase in activity 
during the rapid-bone modeling associated with increased 
bone length and size during postnatal growth (days 7-23) in 
both strains, although bone extract from C3H mice con- 
tained 2-fold greater ALP activity on day 14 than that of B6 

mice (Fig. 8). A decrease of 30% in ALP activity occurred 
during puberty (days 23-31). Within strains, there was no 
difference in ALP activity between sexes at any time. 

Correlations: In both strains, body weight was highly 
correlated with all other physical, geometric, and densitom- 
etry measurements throughout the study (data not shown). 
Serum IGF-I levels were correlated positively with physical, 
geometric, and densitometry measurements in both strains, 
especially during postnatal growth but less so during puber- 
tal and postpubertal growth (data not shown). In the pooled 
data from C3H and B6 strains of mice belonging to both 
sexes, multiple regression analyses were carried out using 
strain, sex, age, IGF-I, and osteocalcin as independent vari- 
ables (Table 3). The ß-coefficients, which represent the 
relative contribution of each independent variable in the 
prediction of the dependent variable, reveal that age is the 
most important predictor of various bone parameters, as 
expected. Furthermore, strain contributed predominantly to 
the differences in density, endosteal circumference, and 
cortical thickness. In addition, serum levels of IGF-I and 
osteocalcin provided statistically significant contributions to 
the prediction of various bone parameters (Table 3). To 
further evaluate the relative contribution of the previously 
mentioned five independent variables to predict the gender 
differences in bone size, we performed multiple regression 
analyses using data from prepubertal (days 7-23), pubertal 
(days 23-35), and postpubertal (days 35-56) periods. We 
found that the relative contribution of gender to differences in 
periosteal circumference was much greater during the postpu- 
bertal period than the prepubertal period (ß-coefficient of 0.36 
vs. 0.11). To determine if gender differences in periosteal 
circumference can be explained based on IGF-I, we deter- 
mined the relative contribution of strain, sex, and age to dif- 
ferences in IGF-I using data from prepubertal (days 7-23) and 
postpubertal periods (days 35-56). We found that strain, sex. 
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TABLE 3. MULTIPLE REGRESSION ANALYSIS IN THE POOLED DATA FROM MALES AND FEMALES OF C3H AND 

B6 STRAINS OF MICE 

^-Coefficient for independent variable 

Dependent variable Strain Sex Age IGF-1 Osteocalcin Multiple r 

Body weight 0.04 0.16* 0.88* 0.14* 0.11* 0.95* 
Bone length 0.11* 0.03 0.95* 0.09* 0.23* 0.94* 
Total content 0.34* 0.14* 0.86* 0.07* 0.05* 0.95* 
Total density 0.59* 0.08* 0.79* 0.01 0.08* 0.95* 
Total area 0.18* 0.11* 0.85* 0.14* 0.16* 0.92* 
Periosteal circumference 0.13* 0.09* 0.87* 0.14* 0.23* 0.91* 
Endosteal circumference 0.45* 0.02 0.66* 0.09* 0.26* 0.86* 
Cortical thickness 0.54* 0.16* 0.58* 0.12* 0.005 0.88* 

* p  < 0.05 

and age nearly contributed equally (ß-coefficient of 0.39. 0.3, 
and 0.26, respectively) during the postpubertal period. How- 
ever, during the prepubertal period sex had no effect on serum 
IGF-I as expected (ß-coefficient = 0.01). 

DISCUSSION 

In previous studies, two inbred strains of mice, C3H and B6, 
exhibited similar body weights but different volumetric peak 
bone densities.'I7I9~2I) To identify the growth period(s) in 
which this divergence in bone density becomes apparent, we 
evaluated temporal skeletal changes in C3H and B6 mice 
belonging to both sexes before, during, and after puberty. Our 
data show that although C3H mice exhibit slightly higher total 
bone density compared with B6 mice at 7 days of age (ap- 
proximately 25%), total bone density is 69% greater in C3H 
mice compared with B6 mice at 31 days of age, despite similar 
body size, body weight, and bone length. Accordingly, the gain 
in bone density in C3H mice during postnatal (days 7-23) and 
pubertal (days 23-31) growth is more than twice that of B6 
mice. In addition, the findings that the gain in bone density 
increases by more than 70% during puberty (days 23-31) attest 
that rapid skeletal changes occur during this period. Therefore, 
the postnatal (days 7-23) and pubertal (days 23-31) growth 
periods appear to be critical in the development of the differ- 
ence in bone density between C3H and B6 mice. The differ- 
ence in total bone density seen at day 35 between C3H and B6 
mice was maintained during the rest of the study period. 

The differences in cortical thickness between the two 
strains of mice reflect the greater accumulation of bone 
mineral in C3H mice compared with B6 mice during post- 
natal growth. This difference in cortical thickness beiween 
C3H and B6 mice developed during the rapid growth of the 
postnatal (days 7-23) and pubertal (days 23-31) periods. 
The difference in cortical thickness between C3H and B6 
mice appeared to be caused by significantly smaller en- 
dosteal circumference in C3H mice (approximately 20% 
less) compared with B6 mice. The increase in cortical 
thickness of approximately 25% during puberty (days 23- 
35) in both strains of mice appeared mainly to be caused by 
increased periosteal circumference, because the endosteal 
circumference did not show significant change during this 

period (Fig. 3). Although neither the periosteal nor the 
endosteal circumference showed significant change during 
postpubertal growth (days 35-56) in C3H mice, both the 
periosteal and the endosteal circumference increased in B6 
mice during this period, resulting in B6 mice having signif- 
icantly greater periosteal circumference than C3H mice at 
56 days of age. Consistent with these data, Sheng et al.(2l) 

recently have shown, by histomorphometric analysis, that 
the total cross-sectional area of the femur at the middiaphy- 
sis is significantly greater in the B6 mice at 6 weeks of age 
compared with C3H mice. 

The cellular mechanisms that contribute to the greater 
cortical thickness in C3H mice compared with B6 mice can 
only be speculated at this time. In this regard, the findings 
that endosteal but not periosteal circumference is signifi- 
cantly different between the two strains of mice during 
postnatal growth suggested that differences in endosteal 
bone formation and rcsorption could, in part, contribute to 
the observed differences in cortical thickness. Consistent 
with this idea were the findings that (1) C3H mice exhibited 
significantly higher ALP activity in the femoral bone extract 
than did B6 mice at the time when maximal differences in 
bone density between the two strains occur, (2) C3H mice 
exhibited greater endosteal bone formation rate than B6 
mice by histomorphometric analysis/2" and (3) there were 
fewer osteoclast precursors in the marrow of C3H mice than 
in B6 mice.'21" Further studies are needed to evaluate the 
relative contribution of endosteal bone formation versus 
endosteal bone resorption in contributing to differences in 
cortical thickness between the two strains of mice during 
postnatal growth. 

The divergence in total volumetric bone density at the 
femoral middiaphysis between C3H and B6 strains during 
postnatal growth may. in pan. be caused by greater bone 
area in the C3H mice than in the B6 mice because of 
differences in cortical thickness. However, the possibility 
that the bones of C3H mice during early postnatal growth 
may be more mineralized or less porous compared with B6 
mice cannot be ruled out because C3H mice exhibit approx- 
imately 30% greater bone density than B6 mice despite 
similar bone area on day 7. Although the finding that C3H 
mice exhibit greater ash weight and calcium content com- 
pared with the B6 mice at 9 weeks of age<l9) are consistent 
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FIG. 9.   A model of the changes in bone size during postnatal, 
pubertal, and postpubertal growth in C3H and B6 mice. On day 7, the 
periostea! circumference of C3H and B6 femora was similar; as illus- 
trated by the cross-sectional diagram of the femur at the middiaphysis, 
B6 mice had a 20% greater endosteal circumference than did C3H 
mice, and C3H mice had 34% greater volumetric bone density than did 
B6 mice. Between days 7 and 23 periostea! circumference increased 
50% in C3H mice and 58% in B6 mice, while endosteal circumference 
increased by 90% in both strains. On day 23, the periosteal circumfer- 
ence of C3H and B6 femora was similar; B6 mice had 16% greater 
endosteal circumference than did C3H mice, and C3H mice had 69% 
greater volumetric bone density than did B6 mice. On day 35, B6 mice 
had about 4% greater periosteal circumference than did C3H mice, B6 
had a 22% greater endosteal circumference than did C3H mice, and 
C3H mice had 56% greater volumetric bone density than did B6 mice. 
On day 56, B6 mice had 8-12% greater periosteal circumference than 
did C3H mice, B6 had a 35% greater endosteal circumference than did 
C3H mice, and C3H mice had 61% greater volumetric bone density 
than did B6 mice. 

with this idea, further studies are needed to evaluate whether 
or not C3H bones contain less porosity or more mineraliza- 
tion of the bone matrix compared with B6 mice during 
postnatal growth when the greatest difference in density was 
seen despite similarities in bone area. 

The rapid increase in total mineral content during post- 
natal growth (days 7-23) appeared mainly to be caused by 
increased bone size, which increased by more than 50% 
during this period (Fig. 9). This increase in bone size 
appeared to be caused by increased periosteal bone forma- 
tion rate because both osteocalcin levels in the serum and 
ALP activity in bone extract increased during this period. In 
terms of the individual factors that contribute to the in- 
creased periosteal bone formation, we postulate that IGF-I 
may be a potential candidate because: (1) serum levels of 
IGF-I increased dramatically during this period (Tables 1 
and 2) and showed significant correlation with changes in 
periosteal circumference and biochemical measurements of 
bone formation during this period (Table 3); and (2) mice 
lacking IGF-I exhibit dramatic reduction in postnatal skel- 
etal growth.(29) Consistent with a role for IGF-I, our findings 
also show significantly greater serum IGF-I levels in C3H 
mice than in B6 mice on days 7,14, 35, and 42 in the pooled 
data from male and female mice. Consistent with these data, 
we have previously shown that the IGF-I differences are 
statistically significant up to 10 months of age.(20) Further 

studies are needed to evaluate the cause and effect relation- 
ship between changes in serum levels of IGF-I and skeletal 
changes in C3H and B6 mice during postnatal growth. 

In contrast to postnatal growth, the mineral accumulation 
during puberty appears to be predominantly because of 
decreased bone resorption caused by increased male and 
female sex steroid hormones. There are a number of find- 
ings that support this idea. First, the increase in total bone 
density during puberty in both C3H and B6 mice was 
associated with a decrease in biochemical markers of bone 
remodeling in both serum and bone extracts. Second, we 
and others have shown that the increase in mineral accu- 
mulation during sexual development in girls is associated 
with decreased bone turnover.(8l0'30) Third, Slemenda et 
al.<8) have shown that black children accumulated 10% 
greater bone mass and had significantly reduced bone turn- 
over, as measured by serum levels of osteocalcin and 
tartrate-resistant acid phosphatase, compared with white 
children  during  pubertal  growth.  Although  sex  steroid 
hormone-induced  changes  in  cytokine production'31 ~33) 

have been implicated in the reduced bone turnover that 
occurs during puberty, the cause and effect relationship 
between cytokine production and the reduction in bone 
turnover during puberty remains to be established. 

Surprisingly, we found that serum osteocalcin levels were 
significantly lower in C3H mice compared with B6 mice 
throughout the study. Because ALP activity in bone extract 
was significantly higher in the C3H mice than in the B6 mice 
during postnatal growth, we anticipated serum osteocalcin 
levels also to be higher during this period in C3H mice. There 
are a number of potential explanations for this discrepancy. It 
is possible that osteocalcin expression in osteoblasts is higher 
in C3H mice compared with B6 mice; however, a smaller 
proportion of synthesized osteocalcin was released into the 
extracellular fluid compared with the matrix compartment in 
C3H mice compared with B6 mice, resulting in reduced levels 
in serum. Metabolic differences in serum osteocalcin (e.g., 
half-life and clearance rate) between C3H and B6 mice also 
may contribute to the lower levels of serum osteocalcin in C3H 
mice compared with B6 mice. Alternatively, the higher level of 
osteocalcin produced in the B6 mice may act as an inhibitor of 
bone formation during postnatal growth because bone forma- 
tion was increased at the endosteum in mice lacking osteo- 
calcin.(34) 

Our findings also show that sexual dimorphic skeletal 
changes occurred in mice during puberty as in the case of 
humans.(4) This sexual dimorphism may be attributed to 
greater bone size and cortical thickness in men than in 
women,<3s) which in turn may be caused by a later start and 
a longer pubertal growth period in boys than girls.<5) How- 
ever, volumetric bone mineral density (BMD) does not appear 
to be different between the two sexes in humans.<36_38) Within 
strains, we found that 8-week-old male mice had a greater total 
mineral content and a larger periosteal circumference than did 
female mice, despite similar endosteal circumference. Thus, 
male mice of both strains exhibited increased bone size and 
cortical thickness resulting in greater total mineral content 
compared with female mice. The molecular mechanisms that 
are responsible for the increased periosteal bone formation 
and/or reduction in periosteal bone resorption in the male mice 
compared with female mice have yet to be established. 
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In conclusion, the difference in bone density between 
C3H and B6 strains of mice is established early and main- 
tained throughout the period of growth. Two growth peri- 
ods, postnatal and pubertal, are particularly critical to the 
development of peak BMD. Although the difference in bone 
density is maintained throughout, there are differences in 
the pattern of growth between strains that suggest that the 
genes that contribute to the difference in BMD during each 
period of growth may be different. This is consistent with 
the evidence from quantitative trait loci studies(39) that 
multiple genes contribute to the difference in bone density. 
The genes thai are expressed differentially in the skeleton of 
C3H and B6 mice during postnatal and pubertal growth may 
provide clues regarding the genes that contribute to the 
BMD differences between these two strains. 
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Serum insulin-like growth factor-1 (IGF-1) and femoral bone 
mineral density (BMD) differ between two inbred strains of 
mice, C3H/HeJ (C3H) and C57BL/6J (B6), by approximately 
30% and 50%, respectively. Similarly, skeletal IGF-1 con- 
tent, bone formation, mineral apposition, and marrow stro- 
mal cell numbers are higher in C3H than in B6 mice. Because 
IGF-1 and several bone parameters cosegregate, we hypoth- 
esize that the serum IGF-1 phenotype has a strong heritable 
component and that genetic determinants for serum IGF-1 
are involved in the regulation of bone mass. We intercrossed 
(B6 x C3H)F1 hybrids and analyzed 682 F2 female offspring 
at 4 months of age for serum IGF-1 by radioimmunoassay 
and femoral BMD by peripheral quantitative computerized 
tomography (pQCT). Genomic DNA was assayed by poly- 
merase chain reaction (PCR) to determine alleles for 114 Mit 
markers inherited in F2 mice at average distances of 14 
centimorgans (cM) along each chromosome (Chr). Serum 
IGF-1 levels in the F2 progeny were relatively normal in 
distribution, but showed a greater range than either progen- 
itor, indicating that serum IGF-1 level is a polygenic trait 
with an estimated heritability of 52%. Serum IGF-1 corre- 
lated with femoral length (r = 0.266,p < 0.0001) and femoral 
BMD (r = 0.267, p < 0.0001). Whole genome scans for main 
effects associated with serum IGF-1 levels revealed three 
significant QTLs (in order of significance) on mouse Chrs 6, 
15, and 10. The QTL on Chr 6 showed a significant reduction 
in IGF-1 associated with increasing C3H allele number, 
whereas the Chr 15 and Chr 10 loci showed additive effects 
with increasing C3H allele number. A genome-wide search 
for interacting marker pairs identified a significant interac- 
tion between the Chr 6 QTL and a locus on Chr 11. This 
interactive effect suggested that when the Chr 11 locus was 
homozygous for C3H, there was no effect of the Chr 6 locus 
on serum IGF-1; however, the combination of C3H alleles on 
Chr 6 with B6 alleles on Chr 11 was associated with reduced 
serum IGF-1 concentrations. To test this in vivo, we tested 
congenic mice carrying the Chr 6 QTL region from C3H on 
a B6 background (B6.C3H-6). Both serum IGF-1 and femo- 
ral BMD were significantly lower in female congenic than 
progenitor B6 mice. In summary, we identified three major 

QTLs on mouse Chrs 6, 10, and 15, and noted a major 
locus-locus interaction between Chrs 6 and 11. We named 
these QTLs IGF-1 serum /evels (Igflsll to IgflsM). Func- 
tional isolation of the Igflsll QTL on Chr 6 for IGF-1 in 
B6.C3H-6 congenic mice demonstrated effects on both the 
IGF-1 and BMD phenotypes. The genetic determinants of 
these Igflsl QTLs will provide much insight into the regula- 
tion of IGF-1 and the subsequent acquisition of peak bone 
mass. (Bone 27:521-528; 2000) © 2000 by Elsevier Science 
Inc. All rights reserved. 

Key Words: Insulin-like growth factor-1 (IGF-1); Bone mineral 
density (BMD); Quantitative trait loci (QTLs); Genotype. 

Address for correspondence and reprints: Dr. Clifford J. Rosen, Maine 
Center for Osteoporosis Research and Education, St. Joseph Hospital, 
360 Broadway, Bangor, ME 04401. E-mail: rofe@aol.com 

Introduction 

Insulin-like growth factor-1 (IGF-1) is a ubiquitous 7 kDa 
polypeptide synthesized by normal and neoplastic tissues. Be- 
sides its critical role as an autocrine and paracrine regulator of 
cell function, IGF-1 also circulates in large concentrations in an 
inactive storage form, bound to a family of high-affinity IGF- 
binding proteins (IGFBPs).8 The primary origin of serum IGF-1 
is liver, although skeletal cells synthesize and store both IGF-1 
and IGF-2 in large quantities.8 IGF-1 is a critical component for 
longitudinal growth and for coupling bone formation to resorp- 
tion during adult skeletal remodeling. Moreover, autocrine and 
paracrine sources of IGF-1 are certain to be important in the 
process of peak bone acquisition. Several population studies have 
suggested that serum IGF-1 is related to adult bone mineral 
density (BMD), as well as fracture risk, and one longitudinal 
study has demonstrated that serum IGF-1 levels during puberty 
are associated with femoral cross-sectional area in both boys and 
girls.4'11,13 These lines of preliminary evidence suggest that 
IGF-1 (serum and/or skeletal) may be an important intermediate 
phenotype for BMD. 

Inbred, transgenic, and mutant mice provide model systems to 
define the genetic regulation of bone acquisition and its relation- 
ship to IGF-1. For example, generation of transgenic mice with 
targeted overexpression of IGF-1 in bone by means of the 
osteocalcin promoter results in a 30% increase in trabecular and 
cortical bone mass compared with wild-type mice.18 Also, we 
demonstrated that serum IGF-1 differs in healthy inbred strains 
of mice in a pattern that parallels strain differences in femoral 
BMD.14 Furthermore, in two inbred strains of the same size and 
weight, C3H/HeJ (C3H) and C57BL/6J (B6), serum IGF-1 levels 
from neonatal development through 12 months of age are con- 
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sistently higher in C3H than B6, despite nearly identical levels of 
growth hormone (GH) and growth hormone-binding protein 
(GHBP).1'14 In addition, we have shown that in vitro production 
of IGF-1 from cultured calvarial osteoblasts is higher in C3H 
than in B6 cells and the skeletal content of this peptide also 
differs by strain to the same degree as circulating levels.14 

Previous studies in humans have established that the serum 
IGF-1 phenotype is an inherited quantitative trait with a poly- 
genic inheritance.8,16 In mice, the distributions for serum IGF-1 
between C3H and B6 inbred -strains-are -distinctly -different-, - 
raising the possibility of using a mapping strategy with progen- 
itor crosses, and F2 intercross progeny, to define the heritability 
of IGF-1 and the genetic loci that regulate the IGF-1 phenotype. 
In this study, we hypothesized that there would be several 
quantitative trait loci (QTLs) for IGF-1, and these determinants 
would be related to factors affecting acquisition of peak bone 
mass. To test this hypothesis, we generated a B6C3H-F2 popu- 
lation of mice and analyzed them for the correlation between 
genotype and IGF-1, then compared IGF-1 QTLs with genetic 
data for BMD, and finally tested the role of one QTL in shaping 
the IGF-1 and BMD phenotypes. 

Materials and Methods 

Generation of F2 Mice 

Mice were produced and maintained in our research colony 
under 14:10 h light:dark cycles. Autoclaved diet NIH-31 (6% fat, 
18% protein, Ca:P 1:1, vitamin and mineral fortified; PMI 
Richmond, IN) and HCl-acidified water (pH 2.8-3.2) were 
provided ad libitum. Females were housed in groups of four or 
five within polycarbonate boxes of 51 in.2 area on sterilized 
shavings of Northern White Pine as bedding. 

The inbred strains B6 and C3H were selected for QTL 
analysis of serum IGF-1 based on our previously reported 
marked differences in serum IGF-1 levels from ages 7 days to 12 
months.14 These inbred strains also differ in femoral BMD by at 
least 50%, as measured by peripheral quantitative computerized 
tomography (pQCT).7 Progeny for genetic analysis of serum 
IGF-1 were produced by mating low-serum IGF-1 B6 females to 
high-serum IGF-1 C3H males, then intercrossing the (B6 X 
C3H)F1 hybrids to produce F2 offspring. A total of 682 F2 
females were utilized in these genetic analyses. F2 males were 
not kept because of lethally aggressive behavior when group- 
housed. The F2 females were analyzed at 4 months of age when 
acquisition of adult BMD is maximal and peak adult serum 
IGF-1 levels are established. Body weights were recorded at 
necropsy, and partial carcass preparations were preserved in 95% 
ethanol as previously described.1 Kidneys and spleens from each 
mouse were frozen in liquid N2 and stored at — 60°C for later 
extraction of genomic DNA. Subsequently, femurs were isolated 
and their lengths measured by digital calipers prior to densitom- 
etry (see later). 

Congenic strains are valuable tools for genetically decompos- 
ing complex traits into simpler systems for testing the biological 
effects of individual QTLs and positional cloning the relevant 
gene(s) underlying a QTL. Congenic strains are established by 
ten cycles of backcrossing a specific chromosomal segment from 
a donor strain—in this case C3H—onto a recipient strain, which 
was B6. Mice chosen at each generation for matings to produce 
the next generation were genotyped by polymerase chain reac- 
tion (PCR) for strain-specific molecular makers to identify car- 
riers of the chromosomal segment of interest. At the N10 gen- 
eration, the genetic composition of the congenic strain is >99% 
identical to the original recipient strain, with only the transferred 
region being of the donor strain. Mice from one of a set of such 

strains, designated B6.C3H-(chromosome number), along with 
age- and gender-matched B6 controls, were compared for serum 
IGF-1 levels at 6-8 weeks of age. 

Bone Densitometry 

BMD of isolated femurs was measured by pQCT with a Stratec 
XCT 960M (Norland Medical Systems, Fort Atkinson, WI), as 
previously described.1 Femurs were scanned at 2 mm intervals 
over their entire length, utilizmg"^n~X-räyifttenuatiöh threshold 
of 2000 units to define high-density bone, a threshold of 1300 to 
define low-density bone, and a unit volume for measurement of 
mineral set at 0.1 mm3. The low-density threshold differentiated 
water, fats, and proteins from mineralized bone. The precision of 
this instrument for densitometry of mouse bones has been deter- 
mined to be 1.2% by repeated placement and measurement of a 
single femur. Calibration of the densitometer was done with a set 
of hydroxyapatite standards and yielded a correlation of 0.997 
between standards and pQCT estimation of bone density. In this 
study, femoral BMD is defined as total femoral mineral divided 
by total femoral volume. 

Serum IGF-1 

Serum IGF-1 in 4-month-old progenitors and all F2 mice was 
determined by a radioimmunoassay as previously described.14 

Blood was obtained at the time of necropsy and placed on ice for 
3-4 h, then serum was harvested and stored frozen at -70°C 
prior to analysis. After a single defrost, 50 uL of serum was 
mixed with phosphate-buffered saline (PBS) to a final volume of 
100 \LL. IGF-binding proteins (IGFBPs) were removed prior to 
radioimmunoassay (RIA) by acid ethanol cryoprecipitation 
(AEC), according to previously established methods.14-16 Fol- 
lowing two extractions, serum IGF-1 was measured, in duplicate, 
by competitive protein binding using a polyclonal antibody 
(Nichols Institute, San Juan Capistrano, CA). In each assay, 
known concentrations of recombinant human IGF-1 (i.e., low, 
medium, and high levels of IGF-1), provided by the manufac- 
turer, were used to construct a standard curve to delineate serum 
concentrations of IGF-1 for each sample. This RIA shows vir- 
tually no cross reactivity (<0.1%) with IGF-2 and the detection 
limit for this assay is 23 ng/mL of IGF-1. In our laboratory, the 
interassay coefficient of variation for the standard low concen- 
tration of IGF-1 is 6.2% and single intra-assay variation for the 
same standard is 3.6% for serum IGF-1 levels in range 150-200 
ng/mL. 

Because more than 700 F2 and progenitor serum samples 
were assayed, we established a series of control sera to correct 
for multiple testing and interassay variation. Pools combining 
C3H and B6 sera, as well as individual pools of C3H and B6 
sera, were run in each assay and, subsequently, the F2 serum 
values were corrected for the combined B6 + C3H pool, whereas 
individual pools for the particular strain were used as an internal 
check to insure the assay results were consistent at various 
concentrations of serum IGF-1. For the combined pools, the 
mean value of serum IGF-1 was 373 ± 6 ng/mL in 20 assays. 
Hence, serum levels in the individual F2 mice were divided by 
the mean value of 373 and expressed as a normalized value, 
termed "adjusted" (adj) serum IGF-1. Individual serum samples 
from progenitor C3H and B6 female mice were also included in 
each assay to assess relative strain differences within assays. 
Both actual and adjusted serum IGF-1 concentrations were log- 
transformed for assessment of distribution characteristics. All 
serum values are reported as the mean of adj serum IGF-1 ± 
SEM. 
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Genetic Analyses 

Genomic DNA was prepared from spleens of mice by standard 
chloroform-phenol extraction. Genotyping of individual mouse 
DNAs was accomplished by PCR using oligonucleotide primer 
pairs from Research Genetics (Birmingham, AL). Primer pairs 
identifying simple sequence length polymorphisms (SSLPs) that 
discriminate between alleles from B6 vs. C3H were selected 
from more than 6000 available. Details of PCR reactions have 
been described previously.1 DNAs from B6 and C3H and (B6 X 
C3H)F1 hybrids were used as electrophoretic standards in every 
gel to identify the genotype of PCR products derived from F2 
mice; for instance, homozygous B6 (b6/b6), C3H (c3/c3), and 
heterozygous {b6/c3). Nineteen autosomes in the F2 progeny 
were assessed for associations of PCR-based molecular markers 
with adj serum IGF-1 data. Chromosome (Chr) X alleles were 
not assessed because reciprocal Fl X Fl matings would be 
required to yield all possible allelic combinations necessary for 
meaningful genetic evaluations. Four to ten microsatellite DNA 
polymorphic markers were selected for testing each automosome 
at an average interval of 14 cM from centromere to telomere. Ten 
percent of the total population in either extreme of adj IGF-1 
distribution was genotyped for 114 markers, and data inspected 
for correlations between segregating alleles and adj IGF-1. 
DNAs from the remaining F2 mice were prepared and genotyped 
for informative markers on chromosomes with putative IGF-1- 
related QTLs, as well as markers for upper, middle, and lower 
regions of all chromosomes, without initial evidence of correla- 
tion with adj serum IGF-1. There were 682 F2 included in the 
final data analyses, assuring that genetic radius swept per marker 
did not leave any chromosomal region untested for correlation of 
phenotype with genotype. 

Statistical Analyses 

Single marker genome scans. We computed a one-way analysis 
of variance (ANOVA) Fisher (F) statistic and LOD scores at 
each marker in the genotyping array. Statistical significance was 
assessed by permutation testing5 using 10,000 permutations from 
the original trait data. Permutation test thresholds account for 
multiple testing implicit in the genome-wide search. For these 
data, the permutation threshold critical values are very close to 
the values proposed by Lander and Kruglyak.10 

Pairwise genome scans. Some loci can affect a phenotype 
primarily through interaction effects. We developed an approach 
and implemented a software tool in MATLAB (Mathworks, Inc., 
Natick, MA) to conduct a simultaneous search for pairs of 
interacting loci. This search examines all pairs of marker loci for 
association with the trait in a two-dimensional genome scan. For 
each marker pair, the likelihood under a full regression model 
(with two main effects and an interaction) is compared with that 
under the null model of no genetic effects. This comparison 
generates an array of F statistics, which represents the primary 
screen for identifying locus pairs of interest. Significance is 
assessed by permutation analysis to account for the large number 
of pairs tested in the genome-wide search. If the F statistic for a 
locus pair is significant atp < 0.05, and genome-wide-corrected, 
we carry out several additional tests to determine if the pair 
represents a genuine interaction, two additive main effects, or is 
merely an artifact resulting from a strong association with only 
one of the two loci. A second F statistic (with 4 and 9 degrees of 
freedom) is computed that compares the full model likelihood to 
that of an additive model with two main effects but no interac- 
tion. If this test is significant (p < 0.01), we conclude that the 
loci interact. If this second F statistic is not significant (p > 

0.01), we conclude that there is not strong evidence of interaction 
and proceed to the next level of testing. Two additional F 
statistics (with 2 and 5 degrees of freedom) are computed to 
compare each of the single locus models to the two-locus 
additive model. If either of these tests is not significant (p > 
0.01), this indicates that one of the loci in the pair may not be 
contributing to the observed association. This could occur if one 
locus is carried by a much stronger effect at a second locus. Each 
of these secondary tests is carried out using nominal p values not 
corrected for the genome-wide search. Nominal p values are 
appropriate because we have already selected the locus pair using 
a stringent genome-wide criteria. The choice of a nominal level 
at 0.01 for significance is stringent. 

Multiple regression. Genome scans are useful for detecting 
significant effects, but it is also important to assess the simulta- 
neous effects of multiple QTLs on a trait. We use a general linear 
model, based on marker regression, to assess the joint effects of 
all loci (and interactions) that appear to be significant in the 
genome-wide scan. Multiple regression models were fit using 
MINITAB software (Minitab, Inc., State College, PA). 

Other statistical analyses. Data for adj serum IGF-1, femoral 
length, and femoral total BMD were analyzed with the computer 
program STATVIEW version 4.5 (SAS Institute, Cary, NC). Com- 
parisons among groups or between congenics and progenitors 
were made using ANOVA. Post hoc group-wise comparisons 
were done using a Fisher's protected least significant difference 
test with differences accepted as significant when p < 0.05. 

Results 

Adjusted IGF-1 Distribution in the F2 Population 

In this study, we confirmed significant interstrain differences for 
serum IGF-1 in 4-month-old female progenitors: C3H, n = 11, 
415 ± 19 ng/mL (adj IGF-1 = 1.11 ± 0.05); and B6, n = 12, 
300 ± 13 ng/mL (adj IGF-1 = 0.80 ± 0.03); p < 0.0001 C3H 
vs. B6). For 20 B6C3 pools, in which sera from both strains were 
mixed and then assayed, the mean serum IGF-1 level was 373 ± 
6 ng/mL. For all 671 F2 mice, the mean serum IGF-1 level was 
369 ± 9 ng/mL (adj IGF-1: 0.99 ± 0.02). The range of serum 
IGF-1 was 180-576 ng/mL (adj IGF-1: 0.48-1.54). The distri- 
bution of serum IGF-1 in the F2 mice is noted in Figure 1 along 
with arrows indicating mean values for B6 and C3H progenitors. 
The general heritability (h2) of serum IGF-1 in this model was 
estimated to be 52% based on the variances in IGF-1 levels of the 
progenitors and F2 progeny. 

Initial genotyping was performed for 10% of the F2 progeny 
located at the extremes of the IGF-1 phenotype distribution 
(Figure 1) to identify major effect loci. Subsequently, the remain- 
ing F2 population was genotyped for additional informative 
markers related to putative IGF-1 QTLs and for testing of gene 
interactions. Inspection of the actual data vs. the theoretical 
normal curve showed that the adj IGF-1 distribution in the F2 
mice was skewed slightly to the left. A modest number of values 
were lower or greater than the mean of either progenitor strain 
(denoted by arrows). Mean femur length for the B6 progenitors 
was 16.06 ± 0.15 mm and for C3H was 15.71 ± 0.08 mm, which 
indicated a significant difference (p < 0.001). Mean femoral 
BMD for progenitor B6 was 0.458 ± 0.004 mg/mm3, and for 
progenitor C3H was 0.707 ± 0.007 mg/mm3 (p < 0.0001). The 
mean femoral BMD for all F2 mice was 0.584 ± 0.002 mg/mm3. 
By simple linear correlation, significant relationships were noted 
between adj IGF-1 and femoral BMD (r = 0.267, r = 0.07; p < 
0.0001) (Figure 2). Differences in adj IGF-1 predicted approx- 
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Figure 1. Frequency distribution for adjusted serum IGF-1 in 682 
B6C3H-F2 mice. Serum IGF-1 levels were adjusted to values for control 
sera (pooled sera of C3H and B6 progenitors) included in each assay. An 
adjusted (adj) IGF-1 of 1.0 represents a serum value of 373 ng/mL, and 
all other levels are ratios of that value. Arrows indicate the mean values 
for groups of progenitor strain mice. Shaded tails of the distribution 
represent "extremes" samples chosen for initial genotyping; all mice 
were genotyped for the final analysis. 

imately 7% of the differences in femoral BMD. Similar regres- 
sion analyses were also performed for adj IGF-1 and: (a) body 
weight (r = 0.260, r2 = 0.067, p < 0.0001); (b) femoral length 
(r = 0.266, ? = 0.069; p < 0.0001); and (c) periosteal circum- 
ference (r = 0.131, r2 = 0.017, p = 0.009). 

Mapping QTLs for Serum IGF-1 Phenotype 

The results of genome-wide scans are presented in Figure 3A. 
Whole genome scans with marker regression revealed highly 
significant peaks on Chr 6 (D6MH150), Chr 10 (D10Mit95), and 
Chr 15 (D15Mit209) after genome-wide correction by permuta- 

Y = 0.533 +0.051 X 

r = 0.267, p<0.0001 
§ 

9>° 

0.4   0.6    0.8     1.0     1.2     1.4     1.6    1.8 

Adjusted serum IGF-I 

Figure 2. The adjusted serum IGF-1 data were regressed against femoral 
total BMD (mg/mm3). The regression equation describing the relation- 
ship is included, along with the correlation coefficient and its signifi- 
cance level. 

tion analysis, according to criteria defined previously by 
Churchill and Doerge.5 A suggestive peak was also noted on Chr 
1 and was additive for serum IGF-1, although it did not achieve 
genome-wide significance. In Figure 3B, the interval maps for 
Chrs 6, 10, and 15 are presented along with the specific Mit 
markers used to genotype these chromosomes. The radii swept 
by these markers along each chromosome in the 682 F2 mice 
assured that significant correlations with the IGF-1 phenotype 
were detected. Genome-wide corrected LOD scores exceeded the 
threshold of 4.3 established bv Lander and Krugliak10 for sig- 
nificanrlinKage. 

A pairwise genome scan was carried out as described in 
Materials and Methods to identify potentially interacting QTLs. 
A significant interaction was detected between loci on Chrs 6 and 
11, represented by markers D6MU150 and DllMitH. The over- 
all F statistic for the pairwise comparisons was F = 8.52, which 
exceeded the genome-wide threshold of F > 5.5 for genome- 
wide significance at the/? = 0.01 level. The interaction F statistic 
was F = 4.52, which has a nominal p value of 0.0013 based on 
tabulated F distribution with 4 and 673 degrees of freedom. To 
further characterize the joint contributions of significant QTLs 
detected by whole genome scans, we constructed a multiple 
regression model with each of the main effects and the Chr 6 X 
Chr 11 interaction. Table 1 presents the complete ANOVA table 
for main and interaction effects. We found that the entire model 
explains 12.8% of the variance in serum IGF-1. After the other 
QTLs were taken into account, the Chr 6 X Chr 11 interaction 
explained 5.8% of the adjusted variance, the Chr 10 QTL 
explained 1.3% of the adjusted variance, and the Chr 15 QTL 
explained 2.4% of the adjusted variance. The difference between 
the entire model variance accounted for and the sum of individ- 
ual QTL contributions was imperfect (12.8% vs. 9.5%) due to 
chance correlations among QTLs. 

Analyses of QTL Effects 

To determine if allelic variation at each of the QTLs on Chrs 6, 
10, and 15 would affect adj serum IGF-1 levels, F2 mice were 
partitioned into groups that were b6/b6, b6/c3, or c3/c3 for each 
chromosome. The data presented in Figure 4A show that, with 
respect to the Chr 6 QTL, serum IGF-1 was reduced significantly 
as the number of c3 alleles increased from zero to two. On the 
other hand, in Figure 4B,C, serum IGF-1 rose significantly, as the 
number of c3 alleles increased at both Chrs 10 and 15. Frequen- 
cies of each allelic class were tested and found to not differ from 
the expected 1:2:1 ratio for single biallelic genes. Thus, the QTL 
alleles segregated normally and demonstrated additive effects. 

The interaction between Chr 6 and Chr 11 can be described as 
an interaction between the additive effect at Chr 6 (i.e., lower 
serum IGF-1 levels with more c3 alleles) with a dominant B6 
modifier locus at Chr 11. To illustrate this interaction on serum 
IGF-1 levels, the F2 data were partitioned into allele groups 
(b6/b6, b6/c3, and c3/c3) for D11MU71, then the b6/b6 group 
was subdivided by D6MU150 alleles (Figure 5A), the b6/c3 
group was subdivided by D6MU150 alleles (Figure 5B), and the 
c3/c3 group subdivided by D6Mitl50 alleles (Figure 5C). Sig- 
nificant lowering of IGF-1 levels was detected for the Chr 6 QTL 
only when the Chr 11 QTL carried one (F = 26.94; p < 3.7 X 
10~7) or two (F = 4.19; p < 0.017) B6 alleles. The effect of the 
Chr 6 locus was essentially null when Chr 11 carried two c3 
alleles (F = 1.43; p = 0.243). 

Testing the Relationship Between Serum IGF-1 and BMD 

Because several studies have suggested a relationship between 
BMD and serum IGF-1 in humans, and we noted a statistically 
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Figure 3. (A) Genome-wide scanning for Mit 
markers across all 19 autosomes that correlated 
with adjusted serum IGF-1 levels was performed 
as described in Materials-and-Methods. The 
abscissa shows relative location of marker loci 
with respect to each other on every chromosome. 
The ordinate shows the LOD score derived from 
the ANOVA obtained at each marker. The hor- 
izontal lines are threshold values for genome- 
wide significance at 0.10 (lower dashed line) and 
0.01 (upper dashed line) as estimated by 10,000 
permutations of the trait data.5 (B) Interval map- 
ping figures for each of the chromosomes (6, 10, 
and 15) with independent QTLs affecting ad- 
justed serum IGF-1 levels. The lower and upper 
dashed lines in each panel represent the thresh- 
old LOD score (2.8 and 4.3) required to declare 
suggestive or significant linkage, respectively. 

IA »- 

S3   Ss2     s -    5Q       5 

significant albeit modest correlation in the F2 mice between 
these two phenotypes, we performed additional studies to further 
define the interaction, if any, between serum IGF-1 and bone 
mass.4'11,13 First, we compared the results of our QTL analysis 
for serum IGF-1 to preliminary data generated in our laboratory 
for a QTL analysis on femoral BMD in the same B6C3H-F2 
mice.2 Only principle QTLs on Chrs 6 and 11 are common to 
both phenotypes (Beamer et al., unpublished data). Second, we 
tested the hypothesis that the QTL on Chr 6 from C3H would, if 
placed on a B6 background, lower both serum IGF-1 and femoral 
bone mineral density. Using the available B6.C3H-6 congenic 
strain, we found that serum IGF-1 concentrations were 16% 
lower in the B6.C3H-6 congenic mice at 6-8 weeks than in age- 
and gender-matched B6 progenitors (B6.C3H-6-c5/c3: IGF-1 = 
232 ± 8 ng/mL vs. B6 +/+ progenitors: IGF-1 = 278 ± 12 
ng/mL,p- = 0.0001). This is nearly identical to the estimated size 
effect of this QTL, derived from regression analyses, noted in 

Table 1. One-way analysis of variance (ANOVA) summary of a general 
linear model for adj IGF-1 levels, utilizing all Mit markers with 
effects detected by genome-wide scans 

Degrees of Adjusted sum 
Source freedom of squares F P 

D6Mitl50 2 0.88425 11.42 0.000013 
DJ0Mit95 2 0.37815 4.88 0.0079 
D15Mit209 2 0.71700 9.26 0.00011 
D11MU71 2 0.17229 2.22 0.109 
DUMU71* 4 0.64827 4.19 0.0023 

D6MH150 
Error 669 25.90699 
Total 681 29.69496 

Figure 4A. Moreover, the congenics exhibited nearly 4% lower 
femoral BMD by pQCT than homozygous B6 mice (i.e., 
B6C3H-6 c3/c3: BMD, 0.469 ± 0.006 mg/mm3 vs. B6 +/+ 
progenitors, 0.485 ± 0.010 mg/mm3). Thus, the presence of two 
C3H alleles at the Chr 6 QTL, and two B6 alleles at Chr 11 QTL, 
resulted in significantly lower BMD and lower serum IGF-1 
values than mice homozygous for B6 alleles at all loci. 

F represents the Fisher statistic, based on the adjusted (type III) sum of 
squares and p values obtained from the tabulated F distribution. 

WM     b6/c3    c3/c3      b6/b6     Wc3     c3/c3    b6M     bS/c3      c3/c3 

D6Mitl50 Genotype 

Figure 4. The interactive effects of QTLs marked by D6MU150 and 
D11MU71 are presented in three panels, each giving the allelic combi- 
nations for D6MU150 on the abscissa. Data are presented as mean ± 
SEM; numbers in parentheses represent group size. (A) Net effect of 
b6/b6 alleles for DUMU71 when D6MU150 alleles were b6/b6, b6/c3, or 
c3/c3 was significant (p = 0.017). Bold "a" indicates significant differ- 
ence from b6/b6 group (p < 0.05). (B) Net effect of b6/c3 alleles for 
D11MU71 when D6MU150 alleles were b6/b6, b6/c3, or c3/c3 was 
significant (p < 10-7). Bold "a" and "a,b" indicate significant differ- 
ences among all three groups (p < 0.0001). (C) Net effect of c3/c3 alleles 
for D11MU71 when D6MU150 alleles were b6/b6, b6/c3, or c3/c3 was 
not significant; thus, individual means were not compared. 
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Figure 5. The effect of genetic alleles on the adjusted serum IGF-1 
levels are shown for marker Mil 150 on Chr 6 (A), Mit95 on Chr 10 (B), 
and MU209 on Chr 15 (C). All three QTLs behave in an additive fashion, 
with b6/c3 heterozygotes and c3/c3 homozygotes significantly different 
from each other as well as from b6/b6 homozygotes (p < 0.01). Data 
presented as mean ± SEM; numbers in parentheses represent group 
sizes. 

Candidates Genes 

Last, we suggest provisional locus names of Igflsll to lgflsl4 for 
the QTLs mapped on Chrs 6, 10, 15, and 11 in relation to IGF-1 
serum levels. These Igflsl loci along with the best markers are 
presented in diagrammatic form in Figure 6, wherein genetic 
lengths of chromosomes and mapped locus positions are main- 
tained. In addition, we examined whether the QTLs identified in 
this experimental analysis are near chromosomal regions for the 
major regulatory factors involved in the generation and activity 
of serum IGF-1. It is apparent that growth hormone (GH), GH 
receptors, GH binding proteins, GHRH, somatostatin, the six 
somatostatin receptors, and the Ghrhr receptor do not map to 
regions identified by these QTLs. However, two IGF binding 
protein genes, Igfbpl and Igfbp3, are located within 1 cM of the 

Mit marker correlated with lgflsl4 on proximal Chr 11. Further- 
more, the mouse Igfl gene is located within 3 cM of the Mit 
marker correlated with lgflsü on Chr 10. The Igflsll QTL on 
Chr 6 and lgflsB QTL on Chr 15 have yet to be related to any 
genes. 

Discussion 

In previous studies with these two inbred strains, we demon- 
strated that: (a) C3H mice have greater bone mass at several 
skeletal sites"(spineTfernür, Übiä,7)hllMp)7clespfesirrniär'böay" 
size and weight, than B6 mice; and (b) the BMD phenotype in B6 
and C3H mice is principally a function of heritable determi- 
nants.1 Furthermore, we established several mechanistic proper- 
ties related to both bone formation and resorption, which account 
for differences in this skeletal phenotype. For example, we have 
shown that C3H mice have decreased bone resorption, in vitro 
evidence of fewer osteoclast progenitor cells, and lower levels of 
interleukin-6 (IL-6) production compared with B6 mice.12 With 
respect to bone formation, we demonstrated greater rates of bone 
formation and mineral apposition in the tibia and femur, a larger 
number of osteoblast progenitor cells, and higher circulating and 
skeletal levels of both IGF-1 and alkaline phosphatase compared 
with B6 mice.6-9-17 Also, there was a consistent correlation 
between serum IGF-1 and femoral BMD in both Fl and F2 
progeny, and calvarial osteoblasts from C3H mice were shown to 
secrete more IGF-1 than B6 cells in vitro.14 These lines of 
evidence suggest that the bone density phenotype can be influ- 
enced by heritable determinants that might modulate bone for- 
mation either by regulating IGF-1 expression, or through com- 
mon signaling pathways for the IGFs, which are also shared by 
other skeletal growth factors. To appreciate the importance and 
interaction of these determinants, we initiated QTL for an inter- 
mediate skeletal phenotype, serum IGF-1, in the F2 offspring of 
C3H and B6 progenitors. 

In this study, we showed that the serum IGF-1 variation in 
B6C3H-F2 mice has a strong heritable component (h2 = 52%), 
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Figure 6. Diagram represents the location on 
ten different mouse chromosomes (numbers 
shown at top of each stick drawing) of several 
components of the GH/IGF axis. The vertical 
axis represents the distance from the centromere; 
chromosome lengths are relative to known ge- 
netic length. Arrow heads represent QTLs for the 
IGF-1 phenotype. Igflsll denotes the provi- 
sional term for the QTL on Chr 6 (IGF-1 serum 
level 1), Igflsß the QTL on Chr 10, IgflsB the 
QTL on Chr 15, and IgflsM the interactive QTL 
on Chr II. 
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and the expression of IGF-1 is regulated by three independent 
IGFlsl QTLs (Chrs 6, 10, and 15). In addition, we found an 
important epistatic interaction between the IGFlsl QTL on Chr 6 
and another IGFlsl QTL on Chr 11. The combined genetic 
effects by Chrs 6, 10, 11, and 15 partially account for the 
distribution of adj IGF-1 observed in Figure 1, including values 
less than B6 progenitors as well as those greater than the C3H 
progenitors. This transgressive effect indicates that both progen- 
itors carry genes that result, independently or interactively, in 
very low or high serum IGF-1 concentration. For example, F2 
mice carrying alleles for B6 at both IGFlsl QTLs on Chrs 15 and 
11, but C3H alleles at Igflsll Chr 6, have 25% lower serum adj 
IGF-1 concentrations (0.888 ± 0.088) than those mice homozy- 
gous for C3H alleles at all three loci (1.137 ± 0.031). Similarly, 
the newly constructed B6.C3H-6 congenic is genetically 
lgflslF3ngflsir3 and exhibited 16% lower serum IGF-1 than B6 
progenitors, which are genetically Igflsll^/lgflsll06. 

As predicted by whole genome scanning, the Igflsll QTL on 
Chr 6 has a significant effect on serum IGF-1, although the 
direction of change was contrary to our a priori predictions, 
which were based solely on the large differences in serum IGF-1 
of the progenitors (i.e., C3H has serum IGF-1 concentrations 
30% higher than B6 across all ages). Even though this finding 
was, at first glance, surprising, we found support for these data 
from a recent QTL analysis in mice performed by another 
laboratory,3 as well as a closer examination of our own data. 
First, as noted earlier, there were numerous mice among the F2 
progeny with circulating IGF-1 levels lower than concentrations 
noted for the B6 progenitors. Indeed, the distribution of serum 
IGF-1 levels in the F2 mice was shifted slightly toward mean B6 
levels (see Figure 1), consistent with a strong effect from the 
Igflsll QTL alleles from C3H on Chr 6 in a mixed background 
including homo- or heterozygosity for B6 alleles at the lgflsl4 
QTL on Chr 11. Similarly, like Benes et al.,3 we noted that at 
least one set of C3H alleles from a high-bone-density strain is 
associated with lower, rather than higher, BMD. Further studies, 
including the evaluation of more congenic animals with different 
alleles at various loci, and recombinant inbred strains, will be 
necessary to define the functional aspects of the Igflsll QTL on 
Chr 6 and to delineate how the Igflsl4 QTL on Chr 11 can so 
strongly interact with a major genetic determinant of serum 
IGF-1. 

Several lines of evidence from this study and preliminary 
work in our laboratory have revealed that heritable determinants 
of serum IGF-1 probably include regulatory elements other than 
growth hormone.14 First, there are large differences in circulating 
IGF-1 levels in the progenitor strains despite similar serum GH 
and growth hormone binding proteins (GHBP) concentrations.14 

Furthermore, femoral length, periosteal diameter, and overall 
size are remarkably similar between the two strains at 16 weeks 
of age (this report).1 The lack of anthropomorphic differences in 
these two strains, despite serum IGF-1 concentrations differing 
by at least 30%, argues against major alterations in the secretion 
of growth hormone. Second, little (lit/lit) mice (i.e., mutants with 
a spontaneous recessive mutation in the GHRH receptor) have 
low serum IGF-1 levels and reduced BMD.7 As we have shown 
previously, when lit is moved from a B6 to a C3H background 
(B6.C3H-ta/Zir). serum IGF-1 levels and hepatic IGF-1 mRNA 
increase threefold, while femoral BMD is also increased com- 
pared with B6 lit/lit, despite the virtual absence of GH.15 Third, 
in this study, we found three Igflsl QTLs for serum IGF-1 on 
Chrs 6,10, and 15, as well as an interactive IgflsU QTL on Chr 
11, all of which reside in regions of their respective chromo- 
somes totally distinct from chromosomal locations for GH, the 
GH receptor, somatostatin, its six receptors, GHRH, or the 
GHRH receptor (Figure 6). Finally, in vitro studies with calvarial 

osteoblasts from the two strains demonstrate a nearly twofold 
greater secretion of IGF-1 in C3H than B6 mice.14 Thus, changes 
in GH secretion are not likely to be responsible for heritable 
differences in the IGF-1 phenotype. 

It is likely that the Igflsl QTLs noted in this study include 
regulatory factors for IGF-1 that play a role in any or all of three 
processes: (1) intracellular signaling cascades for GH or IGF-1; 
(2) transcriptional control of the IGF-1 gene; or (3) posttransla- 
tional processing of IGF-1. With respect to the signalling pro- 
cess, the Igflsll QTL on Chr 6_is in_a 24 cM region that contains 
as many as 2500 hundred genes. But, one gene located in very 
close proximity to D6MÜ150 (Figure 6) is Raf-1, a protoonco- 
gene, which is critical for induction of MAP kinase, a necessary 
component of GH, IGF-1, and other growth factor signaling. 
With regard to the second process, it is conceivable that inter- 
strain differences in the structure of the IGF-1 gene could lead to 
alterations in transcription, and account for the disparity in 
circulating IGF-1 noted between C3H and B6 mice. Indeed, the 
QTL on Chr 10 is in very close proximity to the location of the 
mouse IGF-1 gene. We now have begun to sequence the IGF-1 
promoter regions in the two mouse strains and have already 
identified several sequence differences. These differences may or 
may not be related to the Igflsll QTL on Chr 10, and to serum 
IGF-1 levels, although it is important to point out that at least one 
polymorphic dinucleotide repeat in humans within the IGF1 gene 
has been associated with significant differences in serum IGF- 
l.16 Further studies, including fine mapping of the Chr 10 region 
containing the Igflsll QTL, transient transfection analysis, and 
deletional studies of the IGF-1 promoters, should help determine 
whether there is a functional relationship between single nucle- 
otide differences and IGF-1 expression. 

Finally, posttranslational effects on IGF-1, including changes 
in IGF-binding protein (IGFBP) expression or proteolysis, can 
profoundly affect circulating concentrations of IGF-1 as well as 
the biological activity of this peptide. Interestingly, the interac- 
tive lgflsl4 on Chr 11 is in very close proximity to a set of highly 
conserved IGFBPs, IGFBP-3, and IGFBP-1. Although it is only 
speculation as to whether one of these IGFBPs is a candidate for 
Igflsl4 on Chr 11, this possibility raises some very provocative 
questions. In particular, it is conceivable that the presence of at 
least one B6 allele at this locus in a mouse with two C3H alleles 
at the Chr 6 QTL could alter IGFBP production, binding affinity, 
or degradation, thereby effectively changing the availability of 
IGF-1 in the circulation. Alternatively, one of the IGFBPs could 
regulate IGF-1 expression through a host of IGF-independent 
mechanisms. In sum, the results of this QTL analysis provide 
opportunities to examine novel mechanisms of IGF-1 regulation, 
and their role in acquisition of peak bone mass. 

We recognize there are some potential limitations to this 
study. First, it is important to appreciate that, in the generation of 
F2 progeny from the two progenitor strains, the only QTLs we 
would expect to find are those in which there are allelic differ- 
ences between B6 and C3H. Because these strains have been 
shown to be polymorphic at only about 50% of the Mit markers, 
there are likely to be other genetic determinants not detectable in 
this study. Crosses with different mouse strains may reveal 
additional QTLs for serum IGF-1. Second, even though the Igflsl 
QTLs on Chrs 6, 10, and 15 contribute substantially to the 
variability in serum IGF-1 concentrations, there is still a large 
component of variance for this particular phenotype that is not 
heritable. For example, changes in several hormonal variables 
can have a profound effect on circulating levels of IGF-1.8 

Moreover, there are likely to be gene-environment interactions 
that are critical in determining serum IGF-1 levels. Third, we 
chose the serum IGF-1 phenotype because of its ease of mea- 
surement and its potential relationship to peak bone acquisition. 
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However, it is clear that skeletal IGF-1 is regulated by numerous 
factors, some of which are likely to be similar or identical to 
determinants of circulating (or hepatic) IGF-1, whereas others 
are unique to calcified tissues (e.g., parathyroid hormone). Not- 
withstanding, at least in this model of interstrain IGF-1 differ- 
ences, we noted changes in skeletal content and in vitro produc- 
tion of IGF-1 from osteoblasts that parallel strain-specific 
differences in serum concentrations.14 These data suggest there 
are shared regulatory factors for hepatic and skeletal IGF-1 
expression that arejieritable and may be completely independent 
of growth hormone. Fourth, wFäppreciate_"äiat"üie"reiItionihlp 
between IGF-1 and BMD is more complex than a simple corre- 
lation. Indeed, serum IGF-1 accounts for only about 7% of the 
variance in femoral BMD in the F2 progeny. Yet F2 mice 
classically exhibit independent segregation of alleles; hence, our 
model reflects the nature of genetic heterogeneity, a character- 
istic property observed in human studies examining determinants 
of BMD. Still, like previous human studies, we found a statisti- 
cally significant relationship between serum IGF-1 and BMD in 
the F2 and congenic mice.4-8-11'13'14-18 Finally, we phenotyped 
and genotyped only female F2 and congenic mice. Therefore, our 
conclusions must be tempered by the possibility that there is a 
gender effect on IGF-1 and/or. BMD that could not be revealed in 
this analysis. 

In summary, we have shown in B6C3H-F2 mice that serum 
IGF-1 levels are inherited as a polygenic trait and this phenotype 
contributes to acquisition of peak BMD. Specifically, we iden- 
tified three independent Igflsl QTLs and one epistatic Igflsll- 
IgflsM interaction underlying the serum IGF-1 phenotype. Two 
of these QTLs are distinct from known genes in the GH axis; 
whereas one interactive locus may include genes for IGFBP-1 or 
IGFBP-3, and one locus resides in close proximity to the IGF-1 
gene. Preliminary studies in the B6.C3H-6 congenic strain sug- 
gest that the Igflsll locus has a definitive effect on serum IGF-1 
at 6 weeks of age, with parallel actions on the femoral BMD 
phenotype. Fine mapping of these putative QTLs will help 
discern IGF-1 regulatory genes and provide the tools necessary 
for functional studies relating IGF-1 to acquisition of bone mass. 
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Quantitative Trait Loci for Femoral and Lumbar Vertebral 
Bone Mineral Density in C57BL/6J and C3H/HeJ Inbred 

Strains of Mice 
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ABSTRACT 

Significant differences in vertebral (9%) and femoral (50%) adult bone mineral density (BMD) between the 
C57BL/6J (B6) and C3H/HeJ (C3H) inbred strains of mice have been subjected to genetic analyses for 
quantitative trait loci (QTL). Nine hundred eighty-six B6C3F2 females were analyzed to gain insight into the 
number of genes that regulate peak BMD and their locations. Femurs and lumbar vertebrae were isolated 
from 4-month-old B6C3F2 females at skeletal maturity and then BMD was determined by peripheral 
quantitative computed tomography (pQCT). Estimates of BMD heritability were 83% for femurs and 72% for 
vertebrae. Genomic DNA from F2 progeny was screened for 107 polymerase chain reaction (PCR)-based 
markers discriminating B6 and C3H alleles on all 19 autosomes. The regression analyses of markers on BMD 
revealed ten chromosomes (1, 2, 4, 6, 11, 12, 13, 14, 16, and 18) carrying QTLs for femurs and seven 
chromosomes (1,4,7, 9,11,14, and 18) carrying QTLs for vertebrae, each with log10 of the odds ratio (LOD) 
scores of 2.8 or better. The QTLs on chromosomes (Chrs) 2, 6,12,13, and 16 were unique to femurs, whereas 
the QTLs on Chrs 7 and 9 were unique to vertebrae. When the two bone sites had a QTL on the same 

.chromosome, the same marker had the highest, although different, LOD score. A pairwise comparison by 
analysis of variance (ANOVA) did not reveal significant gene X gene interactions between QTLs for either 
bone site. BMD variance accounted for by individual QTLs ranged from 1% to 10%. Collectively, the BMD 
QTLs for femurs accounted for 35.1% and for vertebrae accounted for 23.7% of the F2 population variances 
in these bones. When mice were homozygous c3/c3 in the QTL region, 8 of the 10 QTLs increased, while the 
remaining two QTLs on Chrs 6 and 12 decreased, femoral BMD. Similarly, when mice were homozygous c3/c3 
in the QTL region for the vertebrae, five of the seven QTLs increased, while two QTLs on Chrs 7 and 9 
decreased, BMD. These findings show the genetic complexity of BMD with multiple genes participating in its 
regulation. Although 5 of the 12 QTLs are considered to be skeleton-wide loci and commonly affect both 
femurs and vertebrae, each of the bone sites also exhibited unique QTLs. Thus, the BMD phenotype can be 
partitioned into its genetic components and the effects of these loci on normal bone biology can be determined. 
Importantly, the BMD QTLs that we have identified are in regions of the mouse genome that have known 
human homology, and the QTLs will become useful experimental tools for mechanistic and therapeutic 
analyses of bone regulatory genes. (J Bone Miner Res 2001;16:1195-1206) 

Key words:   quantitative trait loci, bone mineral density, acquisition of peak bone density, peripheral 
quantitative computed tomography, inbred mice 
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INTRODUCTION 

BONE MINERAL density (BMD), an accurate and precise 
measure of bone mass, has been identified in several 

epidemiological studies as being the single most important 
risk factor for osteoporotic fractures/1'2' Hence, research 
efforts over the past three decades have focused on defining 
major environmental and hormonal determinants of bone 
mass and its subsequent loss. Such factors include age, 
gender, calcium intake during adolescence and senescence, 
estrogen deficiency in both men and women, glucocorticoid 
excess, physical activity, and demographic factors. 

Recently, it has become apparent from a series of longi- 
tudinal studies that BMD at any time is a function of the rate 
of acquisition of peak bone mass in late adolescence and the 
subsequent rate of bone loss during adulthood. Although 
environmental and hormonal factors affect bone turnover, 
60-70% of final adult BMD is determined by the process 
referred to as "peak bone acquisition,"'3,45 and it is this 
phase of skeletal accumulation, which occurs over a short 
time period during puberty in humans and other animals, 
that is influenced predominantly by genetic factors/4-6' 
However, unlike the identification of established environ- 
mental risk factors for osteoporosis, progress in delineating 
specific heritable determinants of BMD has been relatively 
slow. 

Several lines of evidence confirm the thesis that peak 
BMD is influenced strongly by heritable factors. Estimates 
of heritability for bone mass in humans have ranged from 
40% to 90%, depending on the model. In general, twin 
studies have indicated that the proportion of variance of 
BMD accounted for by genetic factors approaches 
80%.<4,5,7) However, this estimate may be exaggerated by 
the confounding influence of shared environmental factors 
that are common in monozygotic twins but more diverse for 
nontwins.(8) Indeed, sibling studies have yielded somewhat 
lower estimates of heritability of approximately 50-60%.(4) 

Moreover, there are certain to be gene by environment 
interactions and site specificity with respect to BMD mea- 
surements, which preclude absolute estimates of the overall 
genetic influence on bone mass from any population 
study/9-11' Notwithstanding these concerns, it is apparent 
that peak BMD has a major genetic component in humans, 
and from a public health perspective, the significance of this 
is immense, because identifying these factors could have 
huge medical and social implications in terms of targeting 
susceptible individuals for simple preventive measures. 

Animal models are critical for experimentally defining 
the genetic regulation of bone density. Inbred mice repre- 
sent an animal model with a short lifespan, rapid generation 
time, and lower maintenance costs than other mammals. 
Mice of a given inbred strain represent unlimited numbers 
of genetically identical "twins" whose genes can be ana- 
lyzed experimentally and whose environments can be con- 
trolled strictly. Equally important, each inbred strain is 
genetically different from every other inbred strain, making 
possible planned matings and studies of segregating genes. 
The mouse genome has become highly defined, especially 
with respect to protein and molecular polymorphic differ- 
ences among the various inbred strains. This detailed map- 

ping of chromosomes greatly facilitates rapid location of 
new genes. In addition, segments of many mouse and hu- 
man chromosomes have been identified with homologous 
linked loci.(12) As the human and mouse genome sequences 
become available, identification and testing of candidate 
genes will be even more easily accomplished. 

In this report, we present the quantitative trait locus 
(QTL) analyses conducted with B6C3F2 intercross progeny 
from normal progenitor inbred strains C57BL/6J (B6) and 
C3H/HeJ (C3H), which differ in BMD of femurs by 50% 
and of vertebrae by 9%. 

MATERIALS AND METHODS 

Animals 

The study used two inbred strains of micel-B6 and 
C3H—previously shown to differ widely in BMD of fe- 
murs, with lesser differences found in tibias, vertebrae, and 
phalanges/13' Mice were produced and maintained in our 
research colony under 14:10 h light/dark cycles. Females 
were housed in polycarbonate cages (51 in2) in groups of 
three to five on bedding of sterilized Northern White Pine 
shavings. Water was acidified with HC1 to achieve a pH of 
2.8-3.2 (to prevent bacterial growth) and was freely avail- 
able. The diet used for all mice was autoclaved National 
Institutes of Health (NIH) 31 (6% fat diet, Ca/P of 1.15: 
0.85, 19% protein, vitamin, and mineral fortified; Purina 
Mills International, Richmond, IN, USA) and was freely 
available. Use of mice in this research project was reviewed 
and approved by the Institutional Animal Care and Use 
Committee of The Jackson Laboratory (Bar Harbor, ME, 
USA). 

Progenitor B6, C3H, and their (B6 X C3H)F1 hybrid 
strain females used in these studies ranged in age from 1 to 
12 months. Progeny for genetic analysis of BMD was pro- 
duced by mating low BMD B6 females to high BMD C3H 
males and then intercrossing this B6C3F1 hybrid to produce 
F2 offspring. A total of 1012 F2 females were raised, 986 of 
which eventually contributed to the genetic analyses. The 
F2 females were analyzed at 4 months of age when acqui- 
sition of adult BMD was achieved. Body weights were 
recorded at necropsy, and partial carcass preparations were 
preserved in 95% ethanol as previously described.03' Kid- 
neys and spleens from each mouse were frozen in liquid N2 

and stored at -60°C for later extraction of genomic DNA. 
Femurs were isolated and their lengths were measured by 
digital calipers (Stoelting, Wood Dale, IL, USA) before 
densitometry. The F2 males were not kept because of losses 
due to aggressive behavior when group housed. 

BMD measurements by peripheral quantitative 
computed tomography 

Isolated femora and lumbar vertebrae were assessed using 
peripheral quantitative computed tomography (pQCT; 
Stratec XCT 960M, Norland Medical Systems, Ft. Atkin- 
son, WI, USA) as described previously/13' Briefly, bones 
were isolated and stored in 95% ethyl alcohol (EtOH) until 
measured for bone parameters by XCT 960M. Thresholds of 
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1.300 attenuation units differentiated mouse bone from wa- 
ter, adipose tissue, muscle, and tendon; a threshold of 2.000 
differentiated high-density cortical bone from low-density 
bone. Calibration of the densitometer was done with a set of 
hydroxyapatite standards (0.050-1.000 mg/mm3) yielding a 
correlation of 0.997 between standards and pQCT estima- 
tion of density. Daily confirmation of that calibration was 
confirmed using a phantom of known density. Precision of 
the XCT 960M for repeated measurement of femoral BMD 
was 1.2%. Isolated femora were scanned at 2-mm intervals 
over their entire lengths. Total and cortical BMD values 
were calculated by dividing the total or cortical mineral 
content by the appropriate bone volume and expressed as 
milligrams per cubic millimeter. The XCT 960M does not 
have sufficient resolution to resolve accurately trabecular 
bone volume; thus, such data are not presented. Femoral 
periosteal circumferences and cortical thicknesses were cal- 
culated at the mid-point of the diaphysis. The CV for 
progenitor strain femoral parameters at 4 months were (a) 
2.8-3.1% for density, (b) 8.4-9.8% for mineral, (c) 7.0- 
7.4% for volume, (d) 2.1-3.6 for middiaphyseal periosteal 
circumference, and (e) 3.4-5.0% for middiaphyseal cortical 
thickness. 

Isolated L5 lumbar vertebrae also were evaluated with the 
XCT 960M, with precision for repeated measurement of 
vertebral BMD of 1.4%. Vertebrae were scanned at 0.7-mm 
intervals along their anterior-posterior lengths. The total and 
cortical BMD values were calculated for entire vertebrae. 
For the L5 vertebrae, the coefficients of variation for pro- 
genitor strain parameters were (a) 3.4-4.0% for density, (b) 
5.5-12.4% for mineral, (c) 4.8-15.4% volume, and (d) 
10.5-17.2% for cortical mineral. 

Genetic analyses 

Genomic DNA was prepared by two methods. First, 
kidney samples were digested with proteinase K and ex- 
tracted by chloroform/phenol. Second, 20-25 mg of kidney 
or spleen tissues were heated to 95°C in 0.5 ml of 50 juM 
NaOH for 10 minutes, and then pH was adjusted to 8.0 with 
0.05 mM Tris-HCl. Genotyping of individual mouse DNAs 
was accomplished by polymerase chain reaction (PCR) us- 
ing oligonucleotide primer pairs from Research Genetics 
(Birmingham, AL, USA). These primer pairs amplify sim- 
ple CA repeated sequences of anonymous genomic DNA 
that are of different length and via gel electrophoresis can 
uniquely discriminate between B6 and C3H genomes. 
Primer pairs identifying simple sequence length polymor- 
phisms between B6 and C3H were selected from more than 
6000+ available.(14) Details of standard PCR reaction con- 
ditions have been described previously.(15) PCR products 
from B6, C3H, and (B6 X C3H)F1 hybrids were used as 
electrophoretic standards in every gel to identify the geno- 
types of F2 mice (that is, homozygous B6 [b6/b6] or C3H 
[c3/c3] and heterozygous [b6/c3]). Nine hundred eighty-six 
F2 progeny provided data for the genetic analyses. 

All F2 progeny were tested for correlations of BMD data 
with segregation of 107 PCR-based simple sequence length 
polymorphic markers on the 19 autosomes. Four to nine 
polymorphic DNA markers, spaced at approximately 15 cM 

intervals from centromere to telomere, were selected for 
each autosome. The 15-cM genetic distance is easily capa- 
ble of detecting major loci for bone density in this experi- 
mental design, given the large F2 population size. Chromo- 
some (Chr) X alleles were not assessed because reciprocal 
Fl X Fl matings would be required to yield all possible 
allelic combinations necessary for genetic evaluation of the 
BMD phenotype in females. 

Statistical analyses 

Biological measurements: Statistical analyses of progen- 
itor and Fl hybrid femoral and vertebral data were per- 
formed with StatView 4.5 software from Macintosh (Cary, 
NC, USA). These data were analyzed first by analysis of 
variance (ANOVA) to detect major genotype effects. Indi- 
vidual group means were assessed for significant differ- 
ences by Fisher's Protected least significant difference 
(LSD) test. Differences were judged statistically significant 
when p < 0.05. 

Genomewide analyses: The genome scans described in 
this study were carried out using a software implementation 
of the pseudomarker algorithm.<16) Software and additional 
details can be found at http://www.jax.org/research/ 
Churchill. The genome scans for QTL main effects produce 
log10 of the odds ratio (LOD) score curves identical to the 
standard MapMakerQT package<17) for a univariate nor- 
mally distributed phenotype. Pairwise genome scans were 
carried out to search simultaneously for QTL pairs that were 
associated with the femoral and vertebral BMD traits. These 
scans allowed us to assess the possibility of gene X gene 
interactions, in which the combined effects of allelic sub- 
stitutions at two loci are not equal to the sum of the two 
individual loci.(18) 

Multiple regression: We used a multiple linear model, 
based on marker regression, to assess the joint effects of all 
loci (and interactions) that appeared to be significant in the 
genomewide scan. Multiple regression models were ana- 
lyzed using Minitab software (Minitab, Inc., State College, 
PA, USA). 

RESULTS 

Inbred and hybrid Fl mice 

To define the optimum time at which to conduct a genetic 
analysis of peak bone density, the progenitor B6 and C3H 
strains, plus B6C3H-F1 hybrid progeny, were measured for 
their developmental patterns of femoral and lumbar verte- 
bral BMD. The results presented in Fig. 1A indicated that 
C3H femoral BMD levels were consistently greater than 
those of the B6 mice. Both progenitor strains developed 
maximal adult femoral BMD at 4 months and then generally 
maintained those levels through 12 months of age. The Fl 
hybrids achieved their maximum femoral BMD at approx- 
imately 8 months, followed by a decline at 12 months of 
age. BMD levels in the Fl progeny were always higher than 
those of B6 and were lower than those of C3H from 4 
months onward. In Fig. IB, the lumbar vertebrae of C3H 
mice reached greater values than observed in B6 at 4,8, and 
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FIG. 1. Acquisition of adult 
peak BMD in B6, C3H, and 
B6C3F1 (Fl) females. Means ± 
SEM are presented from groups 
of 7-12 mice that donated femurs 
and L5 lumbar vertebrae at the 
indicated ages for pQCT assess- 
ment of BMD. (A) Femoral data; 
(B) vertebral data. 

12 months. Both progenitors and Fl females showed high- 
est BMD levels at 4 months, followed by a significant 
decline in BMD levels by 12 months of age. In contrast with 
femoral BMD, the lumbar vertebral BMD levels were 
greater in Fl progeny at 2, 4, and 8 months than in either 
progenitor strain, following a remarkable growth spurt oc- 
curring between 1 and 2 months of age. Collectively, these 
results suggested that peak adult BMD in the femora and 
lumbar vertebrae were achieved at 4 months of age, making 
possible genetic analyses of peak BMD data gathered on 
both bone sites from the same mice. 

Descriptive statistics for the bones in the 4-month-old 
progenitor and Fl hybrid mice are found in Tables 1 and 2. 
After determination of a significant **F" for each main 
effect, comparisons were made between the progenitor 
means, and then the Fl hybrid means were compared with 
each progenitor mean. Inspection of B6 and C3H data in 
Table 1 shows that the body weights of the progenitors did 
not differ from each other, whereas the C3H femur lengths 
were significantly shorter by 1.9% than those of B6 mice. 
The mineral contents of the B6 progenitor mice were mark- 
edly reduced compared with those of C3H mice, whereas 
femur volumes did not differ between B6 and C3H progen- 
itors. Differences in these components result in the charac- 
teristic low femoral density of the B6 strain compared with 
the C3H strain. At the middiaphyseal region, periosteal 
circumference was larger in B6 than in C3H mice, whereas 
cortical thickness and cortical density were less than those 
values in C3H mice. Body weights, femur lengths, and 
volumes of the Fl mice were greater than those of the 
progenitors. For other measures, except periosteal circum- 
ference, the Fl mice showed femoral values significantly 
greater than B6. When Fl data are compared with C3H, 
measures of bone size (length, volume, and periosteal cir- 
cumference) were greater than C3H while mineral content, 
density, and cortical thickness were smaller than these val- 
ues for C3H mice. 

Comparisons of the L5 vertebral data are presented in 
Table 2. Considering the B6 and C3H progenitors first, it 
can be seen that both the total mineral content and the 
volume of the L5 lumbar vertebrae of the B6 mice were 
lower than those of the C3H mice. Consequently, total 
lumbar vertebral density was significantly lower in B6 than 
in C3H; however, the percent difference was modest (~9%) 
when compared with the percent difference observed for 
femurs (—51%). As would be predicted, the cortical mineral 
content of the B 6 vertebrae was significantly less than that 
of the C3H vertebrae. The Fl hybrid vertebral measure- 
ments were intermediate between the B6 and C3H progen- 
itors, with the exception of BMD as discussed previously. 

F2 progeny 

BMD was measured by pQCT in femurs and lumbar 
vertebrae for the F2 progeny obtained from B6C3H-F1 
intercross matings. nine hundred eighty-six F2 females con- 
tributed DNA that could be scored for the genetic analyses 
of the femoral BMD phenotype. The distributions of fem- 
oral and lumbar vertebral BMD data are presented in Fig. 2. 
The femoral BMD data in Fig. 2A approximate a normal 
distribution with a grand mean of 0.585 mg/mm3 (mini- 
mum = 0.451 mg/mm3; maximum = 0.751 mg/mm3). 
Heritability of femoral BMD was calculated to be 83%.(19) 

The position of mean values for the B6 and C3H progenitor 
strains, as well as the B6C3H-F1 parental mice at 4 months 
of age, are indicated by arrows at appropriate locations. It is 
noteworthy that the distribution did not reveal significant 
numbers of F2 progeny with femoral BMD values less than 
that of B6 (0.487 ± 0.005 mg/mm3) or greater than that of 
C3H (0.738 ± 0.006 mg/mm3) progenitor values. 

In Fig. 2B, the distribution of vertebral BMD from 938 F2 
females having intact L5 vertebrae (48 damaged at necropsy 
or during subsequent isolation) is presented. The positions 
of mean values for B6 and C3H progenitors as well as for 
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B6C3F1 parental genotypes are indicated by arrows. The 
overall distribution of vertebral BMD in Fig. 2B was normal 
in shape, with a grand mean of 0.306 mg/mm3 (minimum = 
0.195 mg/mm3; maximum = 0.416 mg/mm3). Heritability 
of L5 vertebral BMD was calculated to be 72%. In contrast 
with the femoral data in Fig. 2A, the B6 and C3H progenitor 
vertebral BMD means were close to each other in the central 
region of the F2 distribution. Some F2 progeny had verte- 
bral BMD values that were lower than those of B6 progen- 
itor, and there were many more F2 progeny with vertebral 
BMD greater than that of the C3H progenitor. These trans- 
gressive patterns of F2 values suggest that both B6 and C3H 
strains carry alleles for high and low lumbar vertebral BMD. 
The mean vertebral BMD for the Fl hybrids was greater, 
although not significantly so, than for the C3H progenitor. 

Genetic analyses 

QTLs with L0D scores indicating suggestive (>2.8) or 
significant (>4.3) linkage for the femoral and vertebral 
density traits were identified by the whole genome scans.(20) 

In addition, pairwise genome scans were carried out to 
detect gene X gene interactions. In Fig. 3, each chromo- 
some is represented on the abscissa, and the percent of the 
BMD variance accounted for in the F2 population is pre- 
sented on the ordinate. Dashed lines represent permutation 
analysis-based thresholds for genomewide significance at 
levels of p < 0.05 and p < 0.01, according to criteria 
defined previously by Churchill and Doerge.(21) In Fig. 3A, 
multiple regression analysis results show that the femoral 
QTLs on Chrs 1, 2, 4, 6, 11, 12, 13, 14, 16, and 18 
collectively accounted for approximately 35.1% of the 
BMD variance in the F2 population. Similar analyses for 
vertebral BMD are shown in Fig. 3B where QTLs on Chrs 
1, 4, 7, 9, 11, 14, and 18 account for 23.7% of the variance 
in vertebral density in the F2 population. The QTLs with the 
greatest effect on both femoral and vertebral variances were 
those on Chrs 1, 4, and 18. These accounted for 22.34% 
(femurs) and 16.24% (vertebrae) of the total variances for 
each skeletal site. The QTLs specifically associated with 
femurs (Chrs 2, 6, 12, 13, and 16) accounted for 8.36%, 
while QTLs specifically associated with vertebrae (Chrs 7 
and 9) accounted for 4.31% of the F2 population variance 
by skeletal site. 

Table 3 gives the Mit marker most highly associated with 
each BMD QTL, as well as the Mouse Genome Database 
(MGD) map position for that marker. In addition, the LOD 
score for each marker and the percent of F2 variance ac- 
counted for are presented for each femoral and vertebral 
QTL detected. Each BMD QTL is named sequentially by 
Chr number, beginning with Bmd5 on Chr l.(22) Bmdl-4 
were located in the B6CAST-F2 cross reported earlier.05' A 
genomewide search for pairwise interaction effects on BMD 
between markers was carried out but failed to reveal sig- 
nificant interactions when the test statistics were compared 
with a genomewide permutation threshold. 

Interval maps with Mit markers, associated LOD scores, 
and minimum critical level (p = 0.05, dashed line) for three 
QTLs accounting for the largest variance in BMD are pre- 
sented in Fig. 4. These QTLs affected both femoral (solid 
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TABLE 2. DATA FOR ENTIRE LUMBAR L5 VERTEBRAE FROM C3H, B6, AND Fl FEMALES AGED 4 MONTHS 

Total L5 

Mouse 
strain Mineral (mg) Volume (mm3) 

Density 
(mg/mm3) 

Cortical 
mineral (mg) 

B6(8) 
C3H (12) 
Fl(8) 

3.798 ± 0.074 
5.688* ± 0.178 

5.221*-* ± 0.178 

13.688 ± 0.233 
18.824* ± 0.470 
16.739* ± 0.435 

0.278 ± 0.003 
0.302* ± 0.003 
0.312* ± 0.004 

1.648 ± 0.061 
3.164* ± 0.157 

2.850*-* ± 0.146 

Data presented are mean ± SEM; number in parentheses is number of mice in group. 
*/> < 0.005; *p < 0.0005. 
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FIG. 2. Distributions of femo- 
ral and vertebral BMD obtained 
from B6C3F2 progeny. (A) Fem- 
oral BMD in female mice at 4 
months of age. Positions of mean 
BMDs for the inbred progenitors 
and Fl parentals are indicated by 
arrows, while the bell-shaped line 
depicts a normal distribution of 
data. (B) L5 vertebral BMD from 
the same F2 mice. Location of 
mean values for the progenitors 
are markedly different than for 
the femoral BMD shown in panel 
A. 

line) and vertebral (dotted line) BMD, as shown for Chrs 1, 
4, and 18. The 95% CIs (femora = black bars; vertebrae = 
open bars) were estimated from a 1.5 LOD reduction from 
the peak LOD score generated by MapMakerQT. Overlap- 
ping CIs support the possibility that both femora and ver- 
tebrae are regulated by the same gene within the QTL 
region on the respective chromosomes. Two of the remain- 
ing 9 QTLs, Chrs 11 and 14, also had overlapping CIs for 
femoral and vertebral BMD. The interval map for femoral 
BMD on Chr 1 QTL suggested more than one locus may be 
present. Accordingly, we carried out additional analyses of 
F2 QTL models for Chr 1 but could not develop convincing 
statistical evidence for a second femoral QTL. Resolution of 
possible tightly linked QTLs will require further decompo- 
sition of this region via construction and testing of congenic 
strains. Finally, interval maps prepared for the remaining 
chromosomes showed that genetic regions containing BMD 
QTLs varied in size up to 35 cM of recombination distance. 

In Figs. 5A and B, we present the main effects of C3H 
(c3) alleles for four selected QTLs on femoral and vertebral 
BMD. These include the three major effect QTLs on Chr 1, 
4, and 18, plus an illustrative site-specific QTL for each 
bone. Inspection of these figures shows that the c3 alleles 
for QTLs on Chrs 1,4, and 18 are additive in action and the 
presence of one or more c3 alleles significantly increased 
BMD at both skeletal sites. We also found that c3 alleles on 
Chrs 6 and 12 significantly decreased femoral BMD, as 
exemplified by Chr 6 in Fig. 5A. Likewise, c3 alleles on 

Chrs 7 and 9 significantly decreased vertebral BMD, as 
exemplified by Chr 7 in Fig. 5B. All remaining QTLs for 
both skeletal sites had additive effects with c3 alleles in- 
creasing BMD (data not presented). 

DISCUSSION 

In this study, we found that heritability for femoral and 
vertebral BMD was high (83% and 74%, respectively), and 
that at least 10 QTLs for femoral and 7 QTLs for vertebral 
BMD had LOD scores greater than 2.8. These loci are 
distributed widely across the genome, and they accounted 
for 35% and 23%, respectively, of the variance in BMD 
among these B6C3F2 female mice. In addition, we have 
shown that the developmental patterns of peak bone acqui- 
sition in both progenitor B6 and C3H, as well as their Fl 
hybrids, are very similar for both bone sites, and that over- 
all, the maximum differences in BMD values were evident 
at 4 months of age. Progenitor strain peak femoral BMD 
was maintained through 12 months of age, whereas verte- 
bral BMD .appears to decline after 4 months of age. Thus, 
we chose 4 months as the time to measure both femoral and 
vertebral BMD and to perform genetic analyses. The fem- 
oral Fl data were intermediate between those of C3H and 
B6, suggesting that heterozygosity for B6 alleles was sup- 
pressive for achievement of the high BMD observed in the 
C3H progenitor. For the vertebrae, Fl data were different 
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FIG. 3. Genomewide scans for correlations of 

BMD and molecular markers on each of the 19 
autosomes. (A) Percentage of femoral BMD 

variance accounted for by each marker tested on 

the 19 autosomes. Horizontal lines represent the 
1% (upper; nominal p = 8 X 10~4) and 5% 

(lower; nominal p = 3X 10~3) permutation 
thresholds correcting for multiple testing. (B) 

Percentage of vertebral BMD variance ac- 

counted for by each marker tested on the 19 

autosomes; details of presentation same as for 
panel A. 

from those of both progenitors with low BMD at one month 
and higher BMD at adulthood. This suggests that heterozy- 
gosity for alleles of bone density genes, rather than homozy- 
gosity for either progenitor allele, may result in reduced 
bone formation, relative to bone resorption, before the first 
month of age. This delay in bone acquisition was reversed 
by a remarkable increase in vertebral BMD between 1 and 
2 months of age. At 4 and 8 months of age, the Fl BMD was 
significantly higher than that of the C3H progenitor strain. 
We also observed Fl values exceeding progenitor strain 
values for three additional measures: body weight, femoral 
length, and femoral volume. These phenotypes also have 
polygenic regulation with individual loci that are dominant 
or additive in their main effects (Beamer and Donahue, 
unpublished data, 1998). The hybrid vigor in these pheno- 
types observed in the Fl progeny simply represents the sum 
of these main effects when all loci are heterozygous. 

Acquisition of a large sample size of one gender was 
undertaken in this investigation to allow an in-depth look at 
the genetic regulation of bone density in appendicular and 
axial bone sites. A single sex was examined for economic 
reasons as noted in the Material and Methods section. The 
outcome of the genomewide analyses, judged by percent 
variance accounted for, clearly revealed three QTLs with 
major effects on both femoral and vertebral BMD and 
several QTLs with minor effects that were either unique to 
one skeletal site or common to both sites. The data for allele 
effects indicated that C3H and B6 alleles at each locus 
interacted in an additive fashion. Although we were not 
surprised by the number of QTLs regulating BMD, the lack 
of evidence supporting the existence of gene X gene inter- 
action was unanticipated. Thus, we conclude from these 
findings that loci contributing to BMD are relatively inde- 
pendent. 

The total variance for BMD in the B6C3F2 population 
explained by the QTLs for either femurs or vertebrae was 
35% and 23%, respectively. The genomewide analyses (Fig. 
3) showed a few additional chromosomes with effects on 
BMD in which LOD scores were below the minimum 
critical value established by permutation analyses for sta- 
tistical significance at p < 0.05.(21) Even if these chromo- 
somes with small effects were considered to harbor putative 
BMD QTLs, they would offer very little additional contri- 
bution to the percent BMD explained in these genetic anal- 
yses. Several other sources contributing to the BMD vari- 
ance are readily discernible. For example, the maternal 
environment, pre- and postpartum or both, could exert ef- 
fects via number of pups in a litter, litter number (e.g., first 
litter vs. fourth litter), or even gender distribution within a 
litter. Recently, Reifsnyder et al.(23) showed that maternal 
effects via NZO alleles significantly increased body weight 
gain in buckcross progeny, most likely through elevation of 
milk lipid levels. 

It ulso is possible that genes regulating variation in other 
phenotypes could have secondary effects on BMD. In our 
B6C3F2 fcmulcs, regression analyses revealed that body 
weight hod u significant effect on both femoral and vertebral 
BMD (6.3% and 5.7%, respectively). Analyses in progress 
indicute four body weight QTLs (Chrs 1, 6,17, and 18) that 
achieved LOD «cores >2.8 (Beamer and Donahue, unpub- 
lished observations, 2001). The body weight QTLs on Chr 
1, 6, and 18 overlup regions that contain QTL for BMD. 
However, QTL for the regions are quite large and it can only 
be speculated as to whether the QTL for both body weight 
and BMD arc the same or different. Another genetically 
complex phenotypc correlated with B6C3F2 mice is serum 
level» of ln»ulln-llkc growth factor I (IGF-I), for which we 
have noorud four QTLs (Chrs 6, 10, 11, and 15).(24) 
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TABLE 3. SUMMARY OF GENOMEWIDE SCANS OF B6C3F2 MICE FOR BONE DENSITY QTLS 

Chromosome locus and BMD QTL Femoral BMD Percent of Vertebral BMD Percent of 
MGD position (cM) name LOD score F2 variance LOD score F2 variance 

D1MÜ14   (81.6) Bmd5 24.44 9.98 14.02 6.18 
D2MÜ456 (86.3) Bmd6 3.14 1.06 NS — 
D4MU124 (57.4) Bmd7 16.30 6.71 14.85 6.54 
D6MU150 (51.0) Bmd8 4.56 1.84 NS — 
D7MU332 (65.6) Bmd9 NS — 5.01 2.13 
D9MU196 (48.0) BmdlO NS — 5.12 2.18 
D11MÜ242&1.0) Bmdll 6.76 2.65 2.98 1.21 
D12Mit215 (2.0) Bmdl2 2.89 1.07 NS — 
D13MU13 (35.0) Bmdl3 7.73 2.96 NS — 
D14Mitl60(40.0) BrndU 4.30 1.72 4.48 1.94 
D16MU12 (27.6) Bmdl5 4.07 1.43 NS — 
D18MU36 (24.0) Bmdl6 13.67 5.65 8.35 3.52 

Femoral and L5 vertebral volumetric BMD obtained by pQCT. Maximum LOD scores and associated percent variance explained are 
given for the best marker (LOD score > 2.8 suggestive linkage; >4.3 significant linkage). Bone mineral density QTLs named in sequence 
following Bmdl-Bmd4.15 

Chrl8 
Bmdl6 

T r 
231      282 416    14 

213    415 
M  

17 149 214 

MIT MARKERS 

m—i ii i 
27   124     33 42 

187      13 226 
64     36    81   80 

120 124  153 

FIG. 4. Representative interval maps for three major QTLs (Chrs 1, 4, and 18) affecting both femoral (solid line) and vertebral (dotted line) 
BMD. Intermarker intervals and chromosome lengths in recombination distances are scaled. Statistical analyses are presented as LOD scores 
calculated for molecular markers beginning with the centromeric end of each chromosome on the left and extending toward the telomeric end. 
The 95% CI derived from a change of 1.5X LOD unit is shown by a black bar for femoral BMD (Chr 1 = 12 cM; Chr 4 = 19 cM; Chr 18 = 
9 cM) and by an open bar for vertebral BMD (Chr 1 = 22 cM; Chr 4 = 22 cM; Chr 18 = 19 cM). The horizontal dashed line indicates the critical 
LOD score of 2.8 for each QTL. Locus names, Bmd5, 7, and 16 are assigned to each QTL based on Table 3. 

Chromosomes 10, 11, and 15 are not shared with BMD, 
whereas Chr 6 QTLs for serum IGF-I and BMD are shared. 
The implication is clearly that other phenotypes we are not 
measuring with X-ray attenuation may have significant roles 
in peak BMD.(26) 

Another source of genetic variability could be Chr X. Our 
F2 progeny was derived strictly from intercrosses of (B6 X 
C3H)F1 female with (B6 X C3H)F1 male mice. This design 
yields the expected genotypic classes of b6/b6, b6/c3, and 
c3/c3 for autosomal loci, but only b6/b6 and b6/c3, not the 
c3/c3 genotype, for Chr X loci needed to unambiguously 
assign phenotype-genotype relationships between Chr X allelic 
combinations and BMD. From preliminary data analyzing 
strain distribution patterns for BMD among the 12 BXH re- 
combinant inbred strains,(25,26) we detected a suggestive asso- 
ciation between BMD and the proximal third of Chr X(27) 

(Beamer et al., unpublished observations, 2001). Therefore, it 

is very likely that a QTL accounting for significant variance in 
BMD is located on Chr X. This possibility could be analyzed 
by intercrossing (B6 X C3H) Fl females with (C3H x B6)F1 
males and combining evaluation of both sets of F2 progeny for 
BMD and Chr X allelic segregation. 

Finally, our statistical analyses were capable of evaluat- 
ing interactions between two genes, but not interaction 
among three or more genes. If several of the BMD QTLs are 
within the same biochemical pathway leading to the same 
cellular change (e.g., mineralization), this multicomponent 
interaction would remain undetected. Finally, social inter- 
actions among individuals sharing the same cage may lead 
to behavioral consequences that affect acquisition of peak 
bone mass. Thus, additional experimental work plus new 
statistical tools are needed to improve our understanding of 
all genetic factors regulating the BMD variance in this 
cross. 
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FIG. 5. The effects of C3H (c3) alleles at three 
major QTLs (Chrs 1,4, and 18; Bmd5,7, and 16) 
affecting both (A) femoral and (B) vertebral 
BMD. Lower case letters in each panel indicate 
significant difference at p < 0.01: a indicates 
mean differs from that for b6/b6 mice; b indi- 
cates mean for c3/c3 mice differs from that for 
b6/c3 mice. In addition, a representative QTL 
(Chr 6, BmdS) for femoral BMD not detected in 
the vertebral genome scan is presented in panel 
A. Likewise, a representative QTL (Chr 7, 
Bmd9) for vertebral BMD not detected in the 
femoral genomewide scan is presented in panel B. 

Defining the exact location of a QTL for BMD or any 
other trait is limited even in a very large F2 intercross 
population. Limitations include the number of polymorphic 
markers available, chromosomal structural features that af- 
fect genetic recombination, and random characteristics of 
meiotic events. Based on our data, 95% CIs for regions 
containing BMD QTLs ranged from 12 to 35 cM in genetic 
distance. Any of these regions could contain a single locus 
or a cluster of linked genes, in which their net effect 
represents the percent variance accounted for by a given 
QTL. Because of the large number of genes within our 
QTLs, it is possible that even regions with overlapping CIs 
(Fig. 4) may contain more than one BMD regulatory gene. 
One solution to this complex locus challenge is congenic 
strains with single BMD QTLs isolated in a common ge- 
netic background/27' Such congenic strains and sublines 
thereof can be used to confirm the presence of a QTL, 
narrow the genetic distance containing the putative gene, 
and decompose the genetic complexity of the region, that is, 
determine if more than one gene contributes to the differ- 
ence in BMD caused by distinct parental alleles. Congenic 
sublines also can be used as bioassays to narrow the QTL 
regions and to identify candidate genes. For example, if one 
congenic subline responds to an experimental manipulation, 
such as ovariectomy, and a second subline for the same 
QTL does not, then certain candidate genes for the BMD 
phenotype such as steroid regulatory genes could be in- 
cluded or eliminated for a given QTL region. This would 
also indicate more than one gene is present within the QTL 
region. 

Although some regions of the genome are more or less 
gene rich, it is commonly estimated that there are up to 

60-70 genes per cM of mouse chromosome recombina- 
tional distance. This large number of potential genes argues 
against speculation about candidate genes, although attrac- 
tive candidates have been proposed from human association 
or sib-pair studies. These candidates yield proteins such as 
(a) calcium sensing receptor,(28) (b) bone osteocalcin,(29) (c) 
apolipoprotein E,(30) (d) IGF-I,(3I) (e) interleukin-1 receptor 
antagonist/32' (f) calcitonin receptor/33' (g) vitamin D re- 
ceptor/34' (h) collagen Ial/35' (i) interleukin-6/36' (j) high 
bone mass/37' or (k) estrogen and androgen receptors/38' It 
is the case that our QTLs for regulation of normal BMD 
reported here map to other chromosomal regions more than 
the human genes cited previously, suggesting new loci 
regulating BMD. Although we are reluctant to offer a se- 
lection of candidate genes for any of the BMD loci de- 
scribed in the B6C3F2 cross at this time, it is clear that 
candidates will become obvious as incipient congenic 
strains because several of these QTL regions manifest an- 
ticipated changes in BMD/39' 

In a previously reported F2 intercross between B6 and 
CAST/Ei, we found four QTLs for femoral BMD located on 
Chrs 1, 5, 13, and 15 that exceeded the threshold for 
statistical significance/13' In concert with the B6C3F2 data 
in this report, the proportion of variance explained by the 
four QTLs was low (13.1%) and the data were statistically 
devoid of detectable gene by gene interaction. Two of the 
QTLs—Chrs 5 and 15—were not detected in the B6C3F2 
data reported here. Therefore, different crosses will reveal 
both similar and different BMD QTLs because of differ- 
ences in alleles carried by particular strains. This is sup- 
ported by studies from other investigators using a variety of 
genetic models combined with different measurement meth- 
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TABLE 4. SUMMARY OF QTLS FOR BMD IN MICE FROM FOUR DIFFERENT LABORATORIES 

Marker Map Method and Human homologous Laboratory 

Chromosome or gene position bone site chromosomal region source 

Chr 1 Mitl4 81.6 pQCT; femur, L5 Iq21-q31 This report 
Chr 1 Mitl5 87.9 pQCT; femur Iq21-q31 Beamer et al.15 

Chr 2 MU464 9.5 DXA; spine 10pl3-pll;2ql4;9q34 Klein et al.42 

Chr 2 MU456 86.3 pQCT; femur 20qll This report 
Chr 2 Ncvs42 87.0 DEXA; whole body 20qll-ql2 Devoto et al.43 

Chr 3 Mit23 4.6 pQCT; femur Iq24-q32; 8ql2-q22 Beamer et al.15 

Chr 4 Mitl24 57.4 pQCT; femur, L5 13ql4-q21 This report 
Chr 5 Mitll2 42.0 pQCT; femur 4pl4-pl2; 4qll-ql3 Beamer et al.15 

Chr 6 MitlSO 51.0 pQCT; femur 3p26-p25; 3q21-q24; 19ql3; lOqll This report 
Chr 7 MU210 11.0 DXA; spine 19ql2-ql3 Klein et al.42 

Chr 7 MU234 44.0 DXA; whole body 15q24-q26; Ilql3-q21 Devoto et al.43 

Chr 7 Mit332 65.6 pQCT; L5 10q25-q26 This report 
Chr 9 MU196 48.0 pQCT; L5 6ql2-ql6; 15q24 This report 
Chrll MÜ242 31.0 pQCT; femur 5q31-q32; 17pl2-pll This report 
Chrll Mit90 42.0 CTI; femur 17p-pter; 17q-qter Benes et al.41 

Chrll MU284 52.0 DXA; spine 17q21-q22 Devoto et al.43 

Chrl2 MU215 2.0 pQCT; femur 2p25-p22 This report 
Chrl3 MU135 10.0 CTI; femur 7pl5-pl3; 6p22; 9q22 Benes et al.41 

Chrl3 Mitl6 10.0 pQCT; femur 7pl5-pl3; 6p22; 9q22 Beamer et al.15 

Chrl3 Mit266 16.0 pQCT; femur 6p25-p21 This report 
Chrl3 Mitl3 35.0 pQCT; femur, L5 5pq22-q35 This report 
Chrl3 Mit20 35.0 DXA; spine 6p24-22 Klein et al.42 

Chrl4 Ptprg 2.0 DXA; whole body 3pl4; 10q21-q24; 8p23 Devoto et al43 

Chrl4 Mitl60 40.0 pQCT; femur, L5 13ql4-q21 This report 
Chrl5 Mit29 42.8 pQCT; femur 8q24; 22ql2-ql3 Beamer et al.15 

Chrl6 MU12 27.6 pQCT; femur 3ql3-q29 This report 
Chrl6 MU39 29.1 DXA; spine 3ql3-q29 Klein et al.42 

Chrl8 MU36 24.0 pQCT; femur, L5 5q21-q33 This report 

Map position given in centiMorgans (cM); human homologous regions corresponding to ±3 cM of published marker or gene 
location.12 

odologies to the study of density. Thus, the osteopenic 
senescence accelerated mouse (SAM)P6 plus the related 
normal P2, Rl, and AKR inbred strains have been studied 
with F2 analyses by femoral Cortical Thickness Index<40) 

and by dual-energy X-ray absorptiometry (DXA) of the 
spine.(41) The BXD recombinant inbred strain set (26 
strains) derived from an intercross between B6 and DBA/2J 
has been exploited by DXA for analyses of whole body 
BMD.<42) We have chosen to use F2 intercrosses: one be- 
tween B6 and CAST°5) and a second between B6 and C3H 
strains—both assessed by pQCT. Accordingly, insights are 
emerging about BMD as a complex trait associated with a 
manageable number of genes amenable to study. Table 4 
summarizes the available mouse data on (a) chromosomal 
locations with genomewide LOD scores suggestive of link- 
age (i.e., >2.8), (b) measurement techniques, (c) bone sites, 
and (d) homologous human chromosome locations. Given 
that CIs were not available for all data sets, it is uncertain 
how many QTLs or clusters of linked QTLs are represented 
by multiple markers such as on Chr 7. In general, the closer 
the markers are to each other, the more likely it is that the 
same locus is being detected. Collectively, the QTL data 
found by these groups indicate (a) some of the same loci are 
being detected by different methods in different crosses, (b) 

there are some loci with multiple alleles (and thus detectable 
in different crosses) and some loci with rare allelic differ- 
ences (and not detectable in every cross), and (c) some loci 
are site specific. 

The future of these studies lies in greater refinement of 
map positions, testing of candidate genes for BMD QTLs, 
sequencing of BMD genes, and prediction of BMD gene 
location in the human genome via linkage homology. This 
will in turn facilitate functional studies to define genes and 
their roles in bone biology and their potential as therapeutic 
targets. For example, the QTLs on mouse Chrs 1 and 4 are 
within regions that share linkage homology with human 
Chr 1. The importance of this relationship is illustrated by 
the studies of (a) Devoto et al.,(43) who reported a locus 
associated with human BMD linked to lp36; (b) Reed et 
al.,(44) who described a syndrome of hypercalciuria and low 
bone mass linked to lq25; and (c) Koller et al.,<45) who 
found a significant association in a large sib-pair study with 
spinal BMD linked to lq21. Genome sequencing for Homo 
sapiens is nearly complete, and the B6 mouse sequence will 
be completed within the next year. Direct comparison of 
gene sequences from homologous regions will sharpen 
choice of candidate genes for testing and determining 
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whether, in fact, genes regulating BMD are the same or 
different between the two species. 

In summary, our genetic analyses have shown that (1) 
BMD is a polygenic trait with a substantial number of genes 
supporting this bone parameter, (2) the QTL alleles are 
additive in their actions with respect to BMD, (3) the adult 
peak bone density in a given strain is the net result of QTLs 
with both positive and negative effects on BMD, and (4) 
there appear to be QTLs acting on multiple bone sites, as 
well as QTLs with site-specific effects. These data show that 
mouse models with a skeletal phenotype such as congenic 
strains, induced mutation strains (transgenics, gene knock- 
out46'), and spontaneous mutant gene-bearing strains'12' are 
going to be powerful tools for biological investigation of 
gene effects, as well as for fine mapping and candidate gene 
testing. 
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Osteoporosis is a chronic disorder that is characterized by 
low bone mass and fragility fractures, which affects more 
than 25 million people in the United States alone 11 J. Since 
the clinical syndrome of osteoporosis represents a spectrum 
from low bone mineral density (BMD) to multiple fractures 
and disability, identification of risk factors prior to the onset 
ol fractures has become a major focus of investigation |2|. 
Although several hormones and environmental influences 
have been associated with osteoporotic fractures, low BMD 
represents the most important risk factor for fracture |3| 
Moreover, peak BMD is the principal determinant of bone 
mass at any subsequent age [4). Consequently, factors that 
alfect the acquisition of BMD have received considerable 
attention |5, 6|. It is not surprising that there has been in- 
creasing interest in genetic differences among individuals 
that may influence variation in BMD and therefore that may 
influence variation in fracture risk |7-I0|. Because there is 
mounting evidence that genes may be important in the 
pathogenesis of osteoporosis, a major effort has begun to 
identify the specific genes responsible for predisposing 
some people to low bone mass. Although investigators have 
reported significant associations between nucleotide base 
differences in several "candidate" genes and BMD [II, 
I2|, most researchers have assumed that variation of BMD 
is influenced by multiple genes. Furthermore, it is antici- 
pated that many of those genes exert relatively small addi- 
tive effects on BMD whereas a few contribute substantially 
to variation in this trait. Although the genetic influences on 
BMD are commonly referred to as "polygenic." meanin« 
that the phenotypic variation is caused by the effects of 
those many genes with small, additive effects, a complete 
description of the genetic influences on BMD would prob- 
ably include a mixture of polygenic and oligogenic (several 
single loci with important effects) determinants |I3,  14). 
When the known environmental contributors to (he variance 
in BMD are added into our models, the trait becomes a more 
complex, multifaclorial one-not unlike the risk for osteo- 
porosis itself. 

Given the initial enthusiasm generated by positive- 
candidate gene-association studies 11 I. I2|. and the subse- 
quent confusion caused by major studies that failed to con- 
firm those associations 113|, a review of the brief history of 
genetic strategies for mapping osteoporosis genes is war- 
ranted. We review that history and offer suggestions for 
additional methodological approaches to this question. 

Correspondence to: C. J. Rosen 

Current Cenetic Approaches and Their Limitations 

Ultimately, the goals of research efforts that intend to elu- 
cidate the genetic basis of osteoporosis should include- (I) 
identification of specific genes that affect fracture risk "am! 
(2) demonstration of the mechanisms by which these yenes 
influence that risk. The two genetic strategies mosT fre- 
quently employed in this field have been studies of Immun 
twin pairs and generic association studies involving unre- 
lated people. The former has resulted in confirmation of 
familial aggregation, thereby supporting the thesis that there 
is an underlying hereditary basis to some traits correlated 
with the onset of osteoporosis [7-9|. However, these inves- 
tigations have methodological limitations because of their 
inability to elucidate the overall structure of specific genetic 
effects on a trait. A complete understanding of the genetic 
basis of variation in risk for osteoporosis should include 
information describing the number of loci exertin« influ- 
ence the magnitude and nature of the effects of these loci 
and the patterns of interaction among genes and between 
genes and the environment. For complex traits such as BMD 
or bone turnover (as measured through biochemical markers 
of bone metabolism), such a description cannot be achieved 
through detailed analysis of twins. 

Genetic association studies have tested relationships be- 
tween DNA polymorphisms in known candidate scenes and 
osteoporosis-related phenotypes. Properly conducted   this 
approach can identify genes with large effects on the phe- 
no ype of interest. However, this is true only if a) the DNA 
poymorphism marks or is in strong linkage disequilibrium 
with the actual functional mutation responsible for a lar»e 
proportion of the phenotypic variation in the trait studied 
b) the effect is not modified by epistatic and/or pleiotropic 
effects of other genes, and c) there is no genotype-by- 
env.ronment interaction. In cases where a selected polymo,- 
pn.sm does mark a functional gene relevant to the pheno- 
type being studied, failure to employ research strategies that 
accommodate these conditions will usually lead to a de- 
crease in the power to detect the effects of genes that actu- 
ally influence the trait of influence |I3. 14   I5|  Paradoxi 
cally   in cases where the polymorphisms do not mark a 
significant functional gene, the probability of false positive 
genetic signals may increase, whereas the power to deled 
effects of previously unknown genes becomes nil |I6| 

Several strategies are available that can accommodate 
the complex interactions listed above. One strategy employs 
inbred strains of mice differing in the trait of interest Well 
designed crosses between strains that differ in this way al 
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low the investigator to isolate the effects of individual ge- 
netic loci, to observe the effects of varying combinations of 
genes on the phenotype, and to measure the effects of 
changing environmental variables on animals of similar ge- 
notype. There is also another approach that can be viewed as 
doing the same thing in a natural context rather than in a 
controlled experiment. Analysis of quantitative traits in in- 
dividuals from large, multigenerational families allows the 
investigator to quantify the effects of individual genes, 
polygenic backgrounds, and environmental factors on a 
complex trait. Unlike studies of strains of mice where ana- 
lytical power comes from the intentional manipulation of 
genetic relationships among study subjects, study of ex- 
tended families provides genetic power through the analysis 
of data from individuals with varying degrees of genetic 
similarity (i.e., parents vs. offspring, siblings, half siblings, 
and more distantly-related subjects). The analysis of many 
quantitative traits has benefited from studies of the traits' 
transmission within multigenerational families. Through the 
quantitative analysis of a given phenotype in extended fami- 
lies, genetic epidemiologists have developed detailed de- 
scriptions of the genetic architecture of numerous traits of 
biomedical significance. Both of these approaches—inbred 
mice and family studies—provide much greater statistical 
power to assess the relationships between genes and com- 
plex phenotypes than do twin studies or association studies. 

Analysis of BMD as a Complex Multifactorial Trait 

Genetic analyses of complex quantitative traits have fol- 
lowed closely on the heels of the breathtaking expansion in 
molecular genetics over the past decade. Several strategies 
using animal models can be employed to measure the ef- 
fects of genes on phenotypic variation in complex traits as 
well as to localize these genes to specific chromosomal 
regions. Methods of genotyping the extreme subjects in a 
quantitative trait distribution, a vast array of available ge- 
netic markers and computerized statistical programs (Map- 
Maker, MapManager QT, QTLCartographer), have made 
inbred strains of mice an obvious experimental choice for 
exploiting an ever-expanding knowledge base [17, 18]. The 
determinants of quantitative traits, such as cancer, type II 
diabetes, epilepsy, atherosclerosis, hypertension, and obe- 
sity, are being successfully dissected into both genetic and 
other biological causes using crosses between inbred strains 
of mice. Given that inbred strains differ in peak bone mass 
[19], bone turnover [20], age-related fracture [21], and re- 
sponse to physical activity [22], the use of mice also will 
prove fruitful for partitioning the genetic regulation of bone 
into its constituent loci. 

Quantitative genetics also provides maximum-likelihood 
methods for the analysis of complex traits in multigenera- 
tional families. These methods include variance decompo- 
sition and mixture analysis |23, 24, 25, 26, 27|, and allow 
the investigator to specify and test hypotheses concerning 
the relative contributions of different genetic effects (e.g., 
those of additive polygenes and single loci). The same 
analyses can measure the environmental influences on 
variations in a trait. An important feature in maximum like- 
lihood-based pedigree approaches is that they are of equal 
utility for tests of hypotheses concerning the influence 
of known candidate genes and for the detection of the ef- 
fects of previously unknown loci. Although there are no- 
table exceptions, the immediate and obvious candidate 

genes (or structural loci) for many complex traits rarely 
have been proven to influence significant proportions of 
quantitative variation in any but the most extreme expres- 
sions of the trait. Therefore, methods such as variance de- 
composition and complex segregation analysis, which en- 
able the detection of previously unmeasured genes, are es- 
pecially helpful in the genetic dissection of complex traits. 

These methods have been applied to data from human 
families and extended pedigrees to enable the genetic dis- 
section of a number of phenotypes that are associated with 
risk of complex, multifocal diseases, such as atherosclero- 
sis, noninsulin-dependent diabetes, and obesity. Examples 
of these applications include the detection of single-locus 
effects on plasma concentrations of high-density lipoprotein 
cholesterol [27], on one of its subfractions |28| and on fat 
mass [29]. In addition, multivariate extensions [25] to these 
methods have enabled new insights into the effects of single 
genes or sets of genes on variation in several traits (i.e., 
pleiotropy), such as lipids, lipoproteins, adiposity [27] and 
thyroid-hormone and cholesterol-transport phenotypes [30]. 

Studies of Multigenerational Pedigrees of Baboons 

Whereas quantitative genetic methods have been success- 
fully applied to the genetic dissection of complex pheno- 
types that are related to several common diseases, these 
methods have not been widely applied to the analyses of 
osteoporosis-associated phenotypes. This is unfortunate be- 
cause properly applied statistical genetic analyses can pro- 
vide important insights into the genetic and environmental 
determinants of variation in osteoporosis-related traits. For 
example, Kammerer et al. [31] and Mahaney et al. [32] used 
maximum likelihood-based pedigree analysis methods to 
investigate genetic and environmental determinants of 
BMD in a large pedigree of captive baboons (Papio ha- 
maclryas). In the former analyses, Kammerer et al. [31] 
quantified the effects of genes on phenotypic variation in 
cortical thickness of baboon metacarpals [30]. In the latter 
study, Mahaney et al. [32] detected the effects of genes on 
BMD (determined by DEXA) at three vertebral bodies and 
three forearm skeletal sites for 500 pedigreed baboons. 
From that study, Mahaney et al. found significant genetic 
correlations for BMD in the three vertebrae of the spine. 
Phenotypic correlations between vertebral and forearm sites 
were positive, but there were no significant genetic corre- 
lations. This would suggest that variation in BMD in the 
three vertebral bodies is caused largely by the effects of 
genes that exert lesser effects on BMD in the forearm. Thus, 
whereas variation in BMD is moderately heritable in both 
regions of the baboon skeleton, different genes are probably 
responsible for BMD in each of these two skeletal sites. 

Ci'iioiiR' Scans for Mapping QTI.s 

Successes in studies of muscular dystrophy, breast cancer, 
and cystic fibrosis demonstrate that an important step in 
identifying genes related to human disease is the identifica- 
tion of a chromosomal region that contains a currently un- 
known disease gene. High resolution genetic linkage maps 
of the human genome are now available [33]. The applica- 
tion of variance components analysis of quantitative traits 
and high-resolution linkage maps in extended families can 
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map unknown osicoporosis-relatcd genes lo tighlly defined 
chromosomal regions. The next step is a challenging one— 
the cloning and identification of the unknown gene. But 
linkage mapping of unknown functional genes will almost 
certainly play a major role in the genetic analysis of fracture 
risk. The vitamin D receptor, the estrogen receptor, and 
insulin-like growth factor-I are all genes that probably do 
exert some influence on fracture risk in some populations. 
We have little doubt that other genes that have as great or 
greater effects await mapping and identification. 

Conclusions 

Even though point mutations in a single gene can lead to a 
single disease state, and polymorphisms in untranslated re- 
gions of candidate genes can be associated with phenoiypes 
such as low BMD, osteoporosis-related traits are clearly 
regulated by numerous genetic determinants. Locating and 
identifying those genes and their interactions will be a tre- 
mendous undertaking that is certainly attainable within the 
foreseeable future, given proper application of newer ad- 
vances in molecular genetics and genetic epidemiology. 
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IGF-1 and Osteoporosis: 
Lessons from Mice and Men 

ROBERTA. Aw«, ETAH S. KURLAND, AMD JOHN P. BILEZIKIAN 

The»msnhn-Iikegmwth facto« (JGF-1 and -2) are ubiquitous polypeptides thai 
medrcte the sanity of growth bom,«*, fa many tis*» they serve usparacrme 
« autnenne tactar. (1) Second only to the liver, the skeleton is an exception- 
ally nch source «f IGF-1 where it is both synthesized »id stored. Duri,*i booe 
remodel^, boft^steroic and skeletal IGF-1 pky a major tole in ibe recruit- 
ment **d differentiation of ostcoblasts (2, 3). In the com« of bone resorption, 
the m,tiatmg bone remodeling event, matrix-bound IGFs are »leased ami be- 
come criticalonphng age««, linking the processes of bone resorption and bone 
tomuoon (2). Eflbrts to establish a relationship between synthesis of rapid bone 
loss or «paired fcmc formation amd changes in the skeletal or circulatory IGF 
system have led to sever** hypotheses suggesting thai KJF-I f5 of mrawmysi- 
otopc significance (2), TW recent studies, one showing an age-associaied de- 
cline in skeletal IGF-l, and theotber relating serum KJF-I to bone density, have 
strengthened Ac view that ihe skeletal IGF reguhrtwy ^tem it important m 

stales of impaired bone remodeling (4, 5). Two additional studies have demon- 
strated »strong «btionsWp between serum IGF-1 and bone mineral density in 
men w,th ubep+x osteoporosis <6, 7), Based on diese lines of evidence and 
the concept that bone dewity at any age is strongly dependent on peak bone 
mass oar group bat considered IGF-1 to be a key fact« ,a the acquisition of 
peak booe mass, fa this paper, data will be presented «Wch suggest that in 
several mbred «trains of mice and in humans, osteoporotic male idiopathic 
Ujh-1 ts an important determinant of bone minexal density (BMD). 

Materials and Methods 

Mice 

Two ütbted stiaäas of healthy mice with low and high bone mineral density 
(as reported prevaousty) were studied at 4,8, and 12 months of age (B). Female 
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C57BU63 (86; «=49) a*d C3HrtfcJ <OH; /i=28> progenitor mice had bo« 
roincral density of the femur (F-BMDjaad serum IGF-1 measured. Progenitor 
mating* yielded Fl BoC3 Or=ll)mioeandFl x Fl intercrosses producedF2 
<«*=35) females. Both F! and F2 Jea»les had F-BMD and serum 1GF-I 
measurements. 

Human Subjects 
Twenty-four men (mean age 50.5 ± 1:9 years) with low ipinc bone mineral 
density (mean j-score-3.5) and p«e*ia«s spinal fractures, but no known sec- 
ondary causes of osteoporosis, weaesiadjed. A group of 3» similarly aged, 
healthy men were recruited as oomnlcaDtrols. Both groups of men had seme 
IGF-1 measured, as well as BMD at sweral sites (spine, hip, and forearm>. 

Bone Mineral Density 
Femoral volumetric BMD in mice «as determined by pQCT (XCT 96QM, 
Nordiaod Medical Systems, Ft AIIöBSOU, WI USA) specifically modtfed 
for us« on small bone ipecimens as described previously (8) Isolated fe- 
murs are measured at 2-mm iutervafc aver their entire lengths, the «it 
volume within which mineral was de*öed was set at 0.1 cubic millimeter 
The precision of this method for At mid-femur in two inbred strains of 
mice is <l.2%. F-BMD was perfbrarf on progenitors, Fl, and F2 females 
at 4 or in some cases 8 months of aatAieal BMD in human subjects was de- 
termined by DEXA measurements «f d* hip, spine, and forearm, using a 
Hotogic 4500 standardized by use cf*e same phantom employed for oAer 
clinical studies. 

Serum IGF-1 
IGF-1 was measured by RJA after esaacucm of IGFBPi using acid-ethaaol 
cryoptecipitatio» as described pcewaash in our laboratory (9). The naer 
and intra- assay cv is approxunatthj^; and 6% foi both mouse and human 
senim. All samples were obtained is & fasting state for both mice and to- 
mans. Serum in from men were ass£w£iaüie same run to minimize inlcrassay 
differences. 

Statistics 
Differences between strains for JGF-* aad F-BMD were assessed tor statis- 
tical significance by Student's f tesLDifferences across ages and strains for 
serum IGF-1 were analyzed by t*s*as:ANOVA. Regressions for IGF-1 w- 
sus F-BMD were reported as PearsmajcreUiioiis. Differences were consid- 
ered Hgnificant if the p vaktc was <feft5. 
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Results 

In the female progenitor C3H and B6 mice, F-BMD were ma*«*1* d,ffe**** 
from each other («=!6:C3H=0.699±O.0*0 mg/mm1 versus 1*60.443*0.004 
jng/rwi^^OOI). Simflarfy, in 8-month-old mice, Ihe bi^i-*««ty strain 
(C3H> bad serum IGF-1 fetcfe which were significantly nig*«* *"' *' ~™ 
density strain <B6> (seruai K3F-1 in C3H: 609±16 ng/ml versa***455± J4 ™& 
mU;ri.001). Simitar diffsences (35% greater serum IGF-1 in<3Hvefsus B6, 
p<0tm) were also noted fiar2,4 and 12-month old mice. For »** *fl P"«^ 
<w=l9) serum IGF-1 waa intermcdiAte beiween the two pi«f5e,lho^ sf*,ns 

(522±48 ng/ml). In the F2 generation, group« of mice with high <*=**), »l»":r- 
mediate <*r*12), and low (a=l 1) F-BMD bad serum IGF-1 n^*""^?*^ ^ 
formed, F2 progeny with the highest F-BMD also had the highe* lGF"i kvels» 
whereas the F2 progeny wife the lowest F-BMD also hail tfr* löWCSl^™ 
IGF-1 levels. Figure 14.1 Bostrates the strong correlation he««*5"1 ^™ 
and «mm [GF-1 in these M F2 mice (r=O.G2>p<Q.Q00\). M"«« üum 38% of 

the variance in F-BMD can be attributed to serum IGF-1. ^^ 
In 24 middle-aged wüte men (mean age 50.511.9 year»* •,ah ,ow J*0116 

mas« and previous spinal tinctures, scram IGF-1 was 157.^?^-* "S'"" ^nor' 
mal range 140*260 ng/ml). la 30 normal, nonosteoporotic n»cn (»*" •&"- 
4«.1±1.0 years) serum IGF! was 197±I4 ng/ml {><0.M venal* °*leoV™~ 
oiks). When K3F-» to the osteoporotic men was expressed ** * z"*coie (de- 
rived from age- and scx-aaached references From our labsrai«n')<'■* mcan 

IGF-1 Z-score was -0.75*0.9. The mean IGF Z-scorc in the w***1 «*» ™*j* 
^<hl1, noi significantly different from the expected values of jrs*"/3J«>BK<l 
button For KJF-1 was irainarxtfil with a disproportionate n****^^?? 
low the normal mean (Fig. \42). A univariate description of th*f JM*1 

revealed tnat when tested against the hypothesis that the ^*c^J^^n^f 
equal to 0, this shirt to «heleft was statistically very signifU^/*™™02* 
In addition, among oatooparofic males, serum IGF-1 was pj*****'* relaited 
to lumhar BMD <r=O.39,p<0.000I). 

Discussion 

Using two distinct model systems we present evidence intJ*** P*PCT lo ^"P" 
port our working hypothesis th>t IGF-1 b an important fact«* ■" ^ ^S?^ 
lion or maintenance of hone mass. la two inbred strain r w ■BIC*» K*r-l 
cosegregates with booenaass across two generations aad MJ^utat °V */"**' 
nificant proportion of the «artauce in fesooral BWD. These -*■*» *,so ^7° 
confirm preliminary inrfiagi from two earlier studies, wfc***"*?" *r 

causal relationship between serum IGF-1 and bone mass in "** V^1<nMkt &t 

male idiopatbic osteoporosis (6» 7). 

'■I 
u." 
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FIGURE 14.1. fo F2 mice bora froin Ft x Fl cross«, high intermediate and low 
femoral bone mineral densities (F-BMD) arc plotted againsl scram X3M measured 
m (be same mice. The Feanon correlation (r) was 0,$B, p<0JMni, aad r*K).39. 
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FIGURE 14.2. DistribotioQ of IGF-1 Z-scorcs in men with idioprtttc osteoporosis. 
The graph shows the mean 2-acore of-0.75 is significantly lower (p<0.0002) that 
the normal expected Gaonüo. dutributiox) (ntean=0). 
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Several lines of evidence from earlier work also support ihe import ince of 
jCF-l in the determination of adult bone mass. First, two recent cress-sec- 
tional sludies of postrnenapansal women have shown a very strong correla- 
tion between serum IGF-1 and lumbar bone mineral density <4. 5). Second, 
age-associated «banges in serum IGF-1 are mirrored by similar age related 
changes in skeletal IGF-1 content (4). Third, in growth hormone deficient 
patients, serum IGF-1 correlates closely with boocKuneral density, and long- 
term growth hormone replacement increases born «rum IGF-1 and bone 
mineral density (9), Finally, studies in the growth liormone releasing hor- 
mone receptor (Ghrhr) deficient mouse, little, have shown that low levels of 
scrum IGF-1 are associated with low bone mineral density (10). 

These data from mice are similar to clinical observations, despite obvious 
differences in the two species. Bui mice exhibit 60% linkage bomology with man 
and demonstrate many hormonal processes that closely mirror physiologic events 
jji the human organism. Although the life span of a mouse is much shorter than 
that of heroaji£,wcrk in our laboratory has convincingly demonstrated thai peak 
bone mass in mice is acquired by 16 weeks of age aad is maintained at that level 
for at least one fear. Moreover, oot unlike humans, regulation of peak bone mass 
in mice is prcdominardy genetic Differences in scram IGF-1 between strains of 
mice are preseaf by one month of age and arc maintained throughout the first year 
of murinc life. Our work suggest that two distinct phenotypes (IGF-1 and BMD) 
La mice cosegrtgaie and are likely to be interrelated. Although it is premature to 
conclude that Ais is the case in humans, there remains abundant experimental 
evidence mat IGF-1 is at least one factor which co*M mediate peak bone mass 
acquisition. 

The data oa serum-IGF 1 and bone mass in men and mice are provocative 
for several reasons. First, two preliminary studies suggested that serum IGF-1 
levels were low in relatively young males afflicted with osteoporosis (6, 7). 
Second, in this condition characterized by very tow bone mass, reduced bone 
formation, and spinal fractures, hone resorptioa is not increased and other 
secondary caaacs have not been identified. Finally, there is preliminary evi- 
dence to suggest this could be a heritable disorder. Although the pathophysi- 
olcgy of »his syndrome remains poorly defined, our findings are consistent 
with earlier leporu mat have suggested a causative link between reduced 
bone formation and low serum IGF-1. But the cross-sectional design of previ- 
ous studies limit definitive conclusions (4-7). For example, it is not possible 
to know with certainty whether relatively low scram IGF-1 levels in men or 
mice are causally associated with low BMD. Nor can we know if changes in 
IGF-l affect the process of bone mass acquisition or maintenance of adult 
bone density. But our data from inbred strains of mice suggest strongly lhat 
IOF-1 c*etts a major influence on peak bone mass, la fact, the failure of earlier 
studies to fiad an association between IGF-1 and BMD in older subjects 
might relate aiore to a host of environmental influences on serum IGF-1 in 
later life rather than the absence of a relationship between these two variables. 
Still, longitsdmal studies will be necessary to confirm the hypothesis that 
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IGF-1 cfeaages affect peak bone mass and thercfty predispose men to luture 
osteoporosis 

In suxamary, wt have presented dala from twoatudies that suggest that l<JF- 
I may play a critical role in determining bone mineral density in men and 
mice. More extensive studies thai focus on the genetic relationship between 
BMD sad fGF-J in mice are currently ongaingaaour laboratory and promise 
to provide more data as we continue to test the-working hypothesis that IGF- 
1 is a key determinant or bone mass acquisition. 
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Deficiency of SHP-1 Protein-Tyrosine Phosphatase 
Activity Results in Heightened Osteoclast Function 
and Decreased Bone Density 
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Katsumasa Takagi,+ Makoto Naito,* 
Shin-lchi Hayashi,§ Hiroyuki Yonemitsu,1" 
Taolin Yi,11 and Leonard D. Shultz* 
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Foundation, Cleveland, Ohio 

Mice homozygous for the motheaten (Hcphmc) or vi- 
able motheaten (Hcpb"1*'*) mutations are deficient in 
functional SHP-1 protein-tyrosine phosphatase and 
show severe defects in hematopoiesis. Comparison of 
femurs from me"/me" mice revealed significant de- 
creases in bone mineral density (0.33 ± 0.03 mg/mm3 

for me*/me* versus 0.41 ± 0.01 mg/mm3 for controls) 
and mineral content (1.97 ± 0.36 mg for me'/me* 
versus 10.64 ± 0.67 for controls) compared with lit- 
termate controls. Viable motheaten mice also showed 
reduced amounts of trabecular bone and decreased 
cortical thickness. These bone abnormalities were as- 
sociated with a 14% increase in numbers of multinu- 
cleated osteoclasts and an increase in osteoclast re- 
sorption activity. In co-cultures of normal osteoblasts 
with mutant or control bone marrow cells, numbers 
of osteoclasts developing from mutant mice were in- 
creased compared with littermate control mice. Al- 
though me'/me* osteoclasts develop in the absence of 
colony-stimulating factor (CSF)-1, nevertheless cul- 
tured osteoclasts show increased size in the presence 
of CSF-1. CSF-1-deficient osteopetrosis (pp/opj mu- 
tant mice develop severe osteosclerosis. However, 
doubh/ homozygous me*/me* op/op mice show an 
expansion of bone marrow cavities and reduced tra- 
becular bone mass compared with op/op mice. West- 
ern blot analysis showed that several proteins that 
were markedly hyperphosphorylated on tyrosine res- 
idues were detected in the motheaten osteoclasts, in- 
cluding a novel 126-kd phosphotyrosine protein. The 
marked hyperphosphorylation of a 126-kd protein in 
motheaten osteoclasts suggests that this protein de- 
pends on SHP-1 for dephosphorylation. These find- 

ings demonstrate that the decreased SHP-1 catalytic 
activity in me/me and me*/me'* mice results in an 
increased population of activated osteoclasts and con- 
sequent reduction in bone density. (Am J Pathol 
1999, 155:223-233) 

Osteoporosis is a major public health problem and is 
characterized by fragility fractures of the skeleton, most 
notably of the spine, wrist, and hip.1 The maintenance of 
bone mass is a dynamic process requiring a balance 
between bone resorption and bone formation.2 This pro- 
cess requires the coordinated regulation of bone-forming 
cells (osteoblasts) and bone-resorbing cells (oste- 
oclasts). Increased osteoclast activity and/or decreased 
osteoblast activity may contribute to the development of 
osteoporosis. Osteoclasts are derived from hematopoi- 
etic progenitors and are members of the monocyte/mac- 
rophage family, whereas osteoblasts are derived from 
mesenchymal stem cells.3-6 

The autosomal recessive motheaten mutation 
(Hcphme) and the less severe allelic viable motheaten 
mutation {Hcphme'v) cause aberrant splicing of the hema- 
topoietic cell phosphatase {Hcph) gene transcript. The 
Hcph gene encodes the cytoplasmic protein-tyrosine 
phosphatase (PTP) Src-homology domain-2 phospha- 
tase 1 (SHP-1) (also known as hematopoietic cell phos- 
phatase, PTP-1C, src homology PTP-1, or PTP nonrecep- 
tor type 6).7~11 The finding that the me and mev mutations 
disrupt the Hcph structural gene encoding SHP-1 has 
illustrated the role of SHP-1 as a negative regulator in 
many signaling pathways in the hematopoietic and im- 
mune systems.12'13 SHP-1 is a member of the family of 
PTPs that contain SH2 domains and is a cytoplasmic PTP 
expressed primarily in hematopoietic cells.7,8-10,14,15 The 
me and me* mutations result in a complete or partial loss, 
respectively, of SHP-1 catalytic activity.16,17 These two 
mutant alleles generate phenotypes that are qualitatively 
similar but of different severity (Table 1).18-21 
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Table 1.   Phenotypes of Mutant Mice 

Mutation (gene symbol) Affected gene Characteristic phenotype 

Motheaten (Hcph™) Hematopoietic cell phosphatase 

Viable motheaten (Hcphme'v)       Hematopoietic cell phosphatase 

Osteopetrosis (Csfm°p) Macrophage CSF 

Complete loss of SHP-1 catalytic activity 
Skin lesions appear at 3 to 5 days of age 
Mean life span of 3 weeks 
Impaired immunological function: 

Reduced proliferative response to B cell and 
T cell mitogens 
Absence of cytotoxic T cell responses 
Severely reduced NK cell function 

Systemic autoimmunity: 
Polyclonal B cell activation 
Expression of multiple autoantibodies 

Partial activity of SHP-1 (10-20%) 
Skin lesions appear at 3 to 5 days of age 
Mean life span of 9 weeks 
Impaired immunological function, similar to me/me mice 
Systemic autoimmunity but develops in a chronic fashion 
Complete loss of CSF-1 activity 
Osteopetrosis 
Absence of incisors 
Monocyte/macrophage deficiency 
Osteoclast deficiency 

Our preliminary experiments showed that me/me and 
mev/mev mice had fragile bones. Although previous stud- 
ies demonstrated hematopoietic abnormalities in these 
mice, little is known about the effect of deleterious alleles 
at the motheaten mutation on osteoclast development or 
function. The work described in this paper was carried 
out to test the hypothesis that SHP-1 protein-tyrosine 
phosphatase activity is required for the regulation of os- 
teoclastogenesis and osteoclast function. First, we as- 
sessed bone density in mev/mev mice by radiography 
and by peripheral quantitative computed tomography 
(pQCT). Second, we carried out light microscopic and 
histochemical studies of bone tissue in me/me and meV 
mev mice. Third, we measured the function of osteoclasts 
by pit formation in dentine slices and examined oste- 
oclast differentiation in co-culture using bone marrow 
cells from me/me and mev/mev mice. Fourth, to define the 
potential role and mechanism of SHP-1 in the regulation 
of osteoclastogenesis and osteoclast function, we local- 
ized SHP-1 in osteoclasts from normal and mev/mev mice 
and analyzed possible SHP-1 substrates in these cells. 

Colony-stimulating factor 1 (CSF-1 or macrophage col- 
ony-stimulating factor (M-CSF)) is known to be essential 
in the development and differentiation of osteoclasts and 
certain macrophages. The essential role of CSF-1 in de- 
velopment and differentiation of osteoclasts and certain 
macrophages is evidenced by the effects of the osteo- 
petrosis mutation (csfmop, hereafter termed op), which 
causes a total absence of CSF-1 production.22 The 
CSF-1 deficiency in op/op mice causes widespread de- 
fects in development of the monocyte/macrophage lin- 
eage, including defects in osteoclast development. The 
failure of osteoclast development and differentiation in 
osteopetrosis (op/op) mice results in impaired bone re- 
sorption and leads to systemic osteopetrosis (Table 
1).6,23"25 Immunohistochemical staining and flow cytom- 
etry analyses revealed increased numbers of macro- 
phages in the spleen, thymus, lungs, and liver of mev/mev 

mice.26 It has been reported that macrophages from 
SHP-1-deficient mice show increased proliferation in re- 
sponse to CSF-1,27 We also produced mev/mev mice that 
genetically lacked CSF-1 because of homozygosity for 
the osteopetrosis mutation to determine the role of CSF-1 
in the bone disease observed in mev/mev mice. The 
doubly homozygous mev/mev op/op mice displayed less 
severe osteopetrosis than op/op mice. 

This article shows that SHP-1-deficient mice develop 
osteoporosis that is due to increased numbers of oste- 
oclasts and heightened osteoclast function. Thus, SHP-1 
plays an important role as a negative regulator in oste- 
oclastogenesis and osteoclast function. 

Materials and Methods 

Mice 

C57BL/6J-me/me and mev/mev mice were produced in 
our research colony from matings of +/me or +/mev 

heterozygotes, respectively. Homozygous me/me and 
mev/mev mice were identified by their characteristic skin 
lesions at 3 to 5 days of age. Littermate controls included 
both heterozygotes (+/me or +/mev) and +/+ mice. The 
(C57BL/6J x B6C3FeJ)F2-op/opmeVmev mice were pro- 
duced as follows: (C57BL/6J x B6C3FeJ)F1-+/op +/mev 

doubly heterozygous mice were made from C57BL/6J-+/ 
mev x B6C3FeJ-+/op matings. The (C57BL76J x 
B6C3FeJ)F2-op/op mev/mev mice were produced from 
matings of (C57BL/6J x B6C3FeJ)F1-+/op +/mev dou- 
ble heterozygotes. Homozygous op/op mev/mev mice 
were identified by the characteristic (motheaten) skin 
lesions and characteristic (osteopetrosis) absence of in- 
cisors at 10 days of age. The femurs of op/op mev/mev 

and op/op +/? mice were studied by light microscopy 
and histochemical analyses. 
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Radiography 

For conventional radiography, mice were anesthetized by 
intraperitoneal injection with tribromoethanol (0.2 ml/10 g 
body weight of 1.2% solution).28 The mice were radio- 
graphed at 45 kV for 20 seconds at a focal distance of 35 
cm with a cabinet x-ray system (Hewlett Packard, Wil- 
mington, DE). 

Bone Densitometry " 

Isolated femurs from 2-month-old mev/mev and littermate 
control mice were analyzed by peripheral quantitative 
computed tomography (pQCT) with a Stratec XCT 960M 
(Norland Medical Systems, Ft. Atkinson, Wl) specifically 
modified for use on small bone specimens to measure 
bone mineral and volume as described previously.29 

Briefly, isolated femurs from mev/mev and littermate con- 
trol mice were scanned at 2-mm intervals over their entire 
lengths, and the unit volume within which mineral was 
measured was set at 0.1 mm3. The density values were 
calculated by dividing the mineral content by volume. 
The femur lengths were divided by body weights. 

Light Microscopy, Histochemistry, and 
Immunohistochemistry 

Femurs and tibias from 2-month-old mev/mev and litter- 
mate control mice and from 3- to 4-week-old mev/mev 

op/op, mev/mev +/?, +/? op/op, and +/? +/? mice were 
fixed and demineralized in Bouin's fixative, processed 
routinely, and then embedded in paraffin. Sections were 
cut at 6-/xm thickness and stained with hematoxylin and 
eosin (H&E) for histological examination. For detection of 
osteoclasts, paraffin sections were processed for the 
histochemical localization of tartrate-resistant acid phos- 
phatase (TRAP) as described previously.6 Numbers of 
TRAP-positive cells per millimeter of bone edge were 
counted in the distal metaphysis of femurs. The bone 
surface lengths were measured by using the Quantimet 
Q600HR system (Leica, Deerfield, IL). In addition, tissue 
sections in me/me and normal littermate mice were 
stained by indirect immunoperoxidase using rabbit poly- 
clonal antibody against SHP-1.25,30 Briefly, the paraffin 
sections were incubated for 15 minutes in 10% hydrogen 
peroxide to quench endogenous peroxidase activity. Af- 
ter blocking for 10 minutes with donkey serum, the sec- 
tions were incubated with rabbit anti-SHP-1 polyclonal 
antibody. Anti-rabbit immunoglobulin horseradish-perox- 
idase-linked whole antibody (Amersham, Little Chalfont, 
UK) was used as secondary antibody. After visualization 
with 3,3'-diaminobenzidine, the sections were counter- 
stained with hematoxylin and coverslipped. 

Measurement of Bone Resorption by 
Osteoclasts 

Dentine slices from elephant tusk were the kind gift of Dr. 
I. Itonaga (Oita, Japan).31,32 Dentine slices (4 mm diam- 

eter x 0.5 mm) were cut with a low-speed saw. The slices 
were sterilized by autoclaving and placed in 96-well cul- 
ture plates. Bone marrow cells were harvested by scrap- 
ing from the distal metaphysis of femurs and proximal 
metaphysis of tibias in 1-month-old me/me, mev/mev, and 
littermate control mice. A suspension (104 cells) of bone 
marrow cells from mutant or control mice was added to 
individual wells of 96-well culture plates. After 48 hours, 
the dentine slices were sonicated to remove the oste- 
oclasts, and resorption lacunae formed on the slices 
were detected using a JSM-35C scanning electron mi- 
croscope (Jeol, Tokyo, Japan). Four to six pits were 
measured for each animal, and six mice were examined. 
Pit areas were measured by using NIH Image 1.60 (Na- 
tional Institutes of Health, Bethesda, MD). 

Co-Culture of Osteoblasts and Bone 
Marrow Cells 

Osteoblasts were isolated from the calvariae of 3-day-old 
C57BL/6J-+/+ mice. The calvariae were collected and 
digested with a solution of phosphate-buffered saline 
(PBS) containing 0.1% collagenase (Wako Chemical, 
Dallas, TX) and 0.2% dispase (Boehringer Mannheim, 
Indianapolis, IN). Isolated cells were cultured until they 
became confluent in a-minimal essential medium 
(aMEM) containing 10% heat-inactivated fetal bovine se- 
rum (FBS; GIBCO, Grand Island, NY) in 25-cm2 culture 
flasks at 106 cells/flask. Cells were then detached from 
the flasks by the addition of 0.05% trypsin in PBS, col- 
lected by centrifugation (1500 rpm for 5 minutes), sus- 
pended in aMEM containing 10% FBS, and plated in 
75-cm2 flasks (Corning Labware and Equipment, Corn- 
ing, NY) or eight chamber Lab Tek chambers (Nalge 
Nunc International, Naperville, IL) at 1 x 104 cells/cm2. 
The me/me, mev/mev, and littermate control mice (8 
weeks old) were killed by C02 asphyxiation, and tibias 
and femurs were aseptically removed. The bone ends 
were cut off with scissors, and marrow cavities were 
flushed with 1 ml of aMEM by using syringes and 27- 
gauge needles. The bone marrow cells were then filtered 
through nylon mesh and washed once with aMEM. Bone 
marrow cells (2.5 x 104/cm2) from the mutant or control 
mice were cultured with C57BL6J-+/+ osteoblasts in 
aMEM containing 10% FBS and 10 nmol/L 1,25(OH)2D3 

(Calbiochem, San Diego, CA) without or with 1.0 /xg/ml 
human CSF-1 (Cetus, Emeryville, CA) or 10 |xg/ml anti- 
mouse CSF-1 receptor antibody.33 Medium was replaced 
every 3 days. After 8 days, the cells cultured in eight-well 
Lab Tek chambers were washed twice with PBS and 
fixed with 10% neutral buffered formalin, permeabilized 
with 1:1 (v/v) acetone/ethanol for 1 minute, and stained 
for histochemical localization of TRAP. Numbers of TRAP- 
positive cells (>2 nuclei/cell) per square millimeter were 
counted. The cells cultured in 75-cm2 flasks were col- 
lected after treating with trypsin and prepared for immu- 
noblotting.   
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Antibodies, Immunoprecipitation, Binding 
Assays, and Western Blotting 

Antibodies against SHP-1 have been described previ- 
ously30 Antibodies against phosphotyrosine (anti-ptyr; 
UBI, Lake Placid, NY) and /3-actin (Amersham) were pur- 
chased from commercial sources. Immunoprecipitation 
and Western blotting were performed as described pre- 
viously. 16'34'35 Briefly, total cell lysates (TCLs) were pre- 
pared byjysing the cell samplesjn cold lysis buffer (50 
mmol/L Tris, pH 7.4, 150 mmol/L NaCI, 0.5% sodium 
deoxycholate, 0.2 mmol/L Na3V04, 20 mmol/L NaF, 1% 
Nonidet P-40, 2 mmol/L phenylmethylsulfonyl fluoride, 20 
/ug/ml aprotinin, and 10% glycerol). The cell lysates were 
clarified by centrifugation, and Western blotting for SHP-1 
protein and phosphotyrosine proteins was carried out as 
previous described.16 For immunoprecipitation experi- 
ments, the TCLs were incubated with antibodies at 4°C 
for 60 minutes. Immune complexes were then collected 
with protein A/Sepharose beads (Pharmacia, Piscataway, 
NJ). TCLs and immune complexes were separated by 
SDS-polyacrylamide gel electrophoresis, blotted onto ni- 
trocellulose membrane (Schleicher & Schuell, Keene, 
NH), probed with specific antibodies, and detected using 
an enhanced chemiluminescence kit (ECL, Amersham). 

Statistical Analyses 

Data are presented as means ± SEM. Statistical analyses 
were performed with Stat View software for Macintosh. All 
data were analyzed first by ANOVA to detect major ef- 
fects due to genotype. When a significant F ratio was 
identified, groups were compared using Fisher's 
protected least significant difference post hoc test. 
Differences were judged as statistically significant when 
P < 0.05. 

Results 

Assessment of the Bone Density by 
Radiography and by pQCT 

Four pairs of mev/mev and littermate control mice at 2 
months of age were examined by radiography. The meV 
mev mice at 2 months of age were smaller than littermate 
control mice, and there was no marked disproportion of 
the limbs and tail. However, absorption of x-rays by bone 
in mev/mev mice was markedly decreased, and the cor- 
tical bone was thinner compared with littermate control 
mice (Figure 1). The mid-diaphyseal scans for femurs 

"»»«Mfc,; 

Figure 1. Femoral bone from mev/mev mice shows reduced cortical density 
by radiography of a femur in a 2-month-old littermate control mouse (A) and 
a mev/me" mouse (B). A: The femur of the littermate control mouse has 
clearly distinguishable cortical areas. B: In contrast, the femoral bone mass of 
the m^/me" mouse is decreased, and cortical bone density is reduced 
compared with that of the littermate control mouse. 

from littermate control (Figure 2A) and mev/mev (Figure 
2B) mice were obtained simultaneously and correspond 
to the XCT 960M measurements of bone parameters. 
High-density bone is represented by white and blue- 
green color; low-density bone and trabecular bone ap- 
pear yellow and red in these images. The scan from the 
femur of a littermate control mouse (Figure 2A) shows 
more higher-density bone than the scan from a mev/mev 

mouse (Figure 2B). The thickness of cortical bone mea- 
sured at the mid diaphysis of femurs in mev/mev and 
normal littermate control mice was 0.20 ± 0.01 mm and 
0.25 ± 0.02 mm, respectively (P < 0.02). The body 
weight and femur parameters (length, density, mineral 
content, volume, and proportion of femur length to body 
weight) obtained from 2-month-old mev/mev and litter- 
mate control mice are shown in Table 2. There was no 
effect of sex on femur parameters in meVmev or in litter- 
mate control mice (data not shown). The mineral content 
and bone volume of mev/mev mice were significantly 

Figure 2. Decreased levels of high density bone in mf/me" mice, as shown 
by mid-diaphyseal pQCT tomograms of femurs from a 2-month-old littermate 
control mouse (A) and me"/m^ mouse (B). High-density bone is repre- 
sented by white and blue-green color, whereas low-density bone is repre- 
sented by red/yellow color. Littermate control femur (A) shows substantially 
more high-density cortical bone compared with femur from a mev/mev 

mouse (B). 

Table 2.   Body Weight and Femur Measurements from 2-Month-Old Mice 

Genotype          Body weight (g) Length (mm) Density (mg/mm3) Mineral (mg) 

1.97 ±0.36 
10.64 ± 0.67* 

Volume (mm3) 

5.78 ± 0.84 
25.60 ± 1.35* 

Length (mm)/ 
body weight (g) 

meVme" (n=11)          10.80 ± 0.52 
+/? (n = 12)               20.28 ± 0.69* 

12.55 ± 0.18 
14.77 ± 0.12* 

0.33 ± 0.03 
0.41 ± 0.01t 

1.18 ±0.05 
0.74 ± 0.20* 

Mean ± SEM are presented for groups. 
*P < 0.0001. 
fP < 0.02. 
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Figure 3. Reduced cortical and trabecular bone accompanied by increased numbers of multinucleated osteoclasts in bones from mev/mev mice, as shown by 
histological analyses of bone tissue in mice at 2 months of age: littermate control (A, C, and E) and me"/mev (B and D) and me/me (F) mice. A: Sagittal section 
of the femur in littermate control mouse shows abundant trabecular bone and thick cortical bone (H&E). Scale bar, 0.5 mm. B: Prominent loss of trabecular bone 
is seen in the metaphysis and the thickness of cortical bone is reduced in me"/mev mouse (H&E). Scale bar, 0.5 mm. C and D: Transverse section of the tibia in 
littermate control (C) and me"/mev mouse (D) were stained for TRAP. TRAP-positive cells are observed on the endosteal surfaces as indicated by arrows. 
TRAP-positive cells in me"/mev mouse (D) are larger in size and have increased numbers of nuclei compared with those from littermate control mouse (C). Scale 
bar, 0.03 mm. E and F: Immunohistochemical stain with anti-SHP-1 polyclonal antibody. SHP-1-positive multinucleated osteoclasts are detected on the endosteal 
surface in littermate control mouse (E). There are no SHP-1-positive multinucleated cells in me/me mouse, which lack SHP-1 protein (F). Scale bar, 0.03 mm. The 
arrows indicate multinucleated osteoclasts. 

lower than in littermate control mice (P < 0.001). Bone 
density of femurs in mev/mev mice were also lower than in 
littermate control mice (P < 0.02). Finally, the femur 
lengths were divided by body weight. The femur length/ 
body weight ratios in mev/mev mice were larger than in 
littermate control mice. 

Histopathological Changes and Distribution of 
Osteoclasts in meVmev' Mice 

Histological analysis of femurs revealed a marked reduc- 
tion of trabecular bone and reduced thickness of cortical 
bone in mev/mev mice compared with littermate control 

mice (Figure 3, A and B). Similar histological changes 
were detected in femurs of me/me mice (data not shown). 
To determine the numbers and distribution of osteoclasts 
in mev/mev mice, we prepared sagittal sections of the 
distal metaphysis in femurs and transverse sections of 
proximal metaphysis in tibias for enumeration of TRAP- 
positive cells. Numbers of TRAP-positive cells per milli- 
meter of bone edge in the distal femur of 8-week-old 
mev/mev mice were significantly increased compared 
with littermate control mice (P < 0.05; Figure 4A). Trans- 
verse sections of the proximal metaphysis in tibias from 
mutant and control mice were made to compare numbers 
of multinucleated TRAP-positive cells (Figure 3, C and D). 
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Figure 4. Increased numbers of multinucleated TRAP-positive cells in bones 
from me"I me" mice. Shown are numbers of TRAP-positive cells per millime- 
ter in the distal femur (A) and percentage of TRAP-positive multinucleated 
(>4 nuclei) cells in the proximal tibia (B). A: Numbers of TRAP-positive cells 
per millimeter in the distal femur of 8 week-old me*7 me" mice were signif- 
icantly increased compared with littermate control mice. B: The percentage 
of multinucleated TRAP-positive cells was significantly increased in me"I'me" 
mice compared with littermate control mice. Data are presented as mean ± 
SEM. 'P < 0.05; "P < 0.0001, significantly different from the control group. 

These data show the multinucleated TRAP-positive cells 
(>4 nuclei/cell) as a percentage of total TRAP-positive 
cells (Figure 4B). Numbers of multinucleated TRAP-pos- 
itive cells were significantly increased in mev/mev mice 
compared with littermate control mice (P < 0.0001). Sim- 
ilar increased numbers of multinucleated TRAP-positive 
cells were observed in the distal femurs of mev/mev mice 
(data not shown). Immunohistochemical staining using 
anti-SHP-1 polyclonal antibody demonstrated the expres- 
sion of SHP-1 in osteoclasts in the littermate control mice 
(Figure 3E). However, as expected, we could not detect 
SHP-1-positive osteoclasts in me/me mice, which lack 
SHP-1 protein and serve as a negative control for SHP-1 
localization (Figure 3F). 

Determination ofOsteoclast Function by 
Analyses of Pit Formation in Dentine Slices 

Histological data suggested that osteoclast activities in 
mev/mev and me/me mice were increased compared with 
littermate control mice. We examined osteoclast function 
directly by the isolated osteoclast resorption pit assay on 
dentine slices. Table 3 shows that pit area/osteoclast in 
dentine slices incubated with osteoclasts from me/me 

Table 3.   Osteoclast Pit Area in Bone Slices Incubated with 
Osteoclasts from me/me, m^/m^, or Normal 
Control Mice at 1 Month of Age 

Genotype Pit area (x 103 /xm2/osteoclast) 

mev/mev 

me/me 
+/? 

13.25 ± 1.08 
7.97 ± 2.16 
1.15 ±0.41 

Mean ± SEM are presented for groups; n = 6. P < 0.0001 between 
all groups. 

mice and mev/mev mice were significantly larger than pit 
area/osteoclast in dentine slices incubated with oste- 
oclasts from littermate control mice (P < 0.0001). 

Assay of Osteoclastogenesis by Osteoblast/ 
Bone Marrow Cell Co-Cultures 

As mev/mev mice showed increased numbers of TRAP- 
positive cells and increased percentages of multinucle- 
ated TRAP-positive cells compared with littermate control 
mice, we next examined osteoclastogenesis in vitro from 
bone marrow cells isolated from me/me, mev/mev, or 
littermate control mice. Osteoclastogenesis was deter- 
mined by measuring numbers of osteoclasts produced in 
co-culture using normal C57BL/6J-+/+ osteoblasts co- 
cultured with bone marrow cells from me/me, meVmev, or 
littermate control mice. The results are reported as num- 
bers of TRAP-positive multinucleated cells (>2 nuclei/ 
cell) per square millimeter of eight-chamber Lab Tek 
chambers. TRAP-positive cells from mev/mev mice were 
larger in size compared with those from littermate control 
mice (Figure 5, A and B). Numbers of TRAP-positive cells in 
mev/mev mice were significantly increased compared with 
those in littermate control mice. However, there was no 
significant difference in numbers of TRAP-positive cells be- 
tween me/me and littermate control mice (Table 4). 

CSF-1 or neutralizing monoclonal antibody to mouse 
CSF-1 receptor was added to stimulate or inhibit oste- 
oclast formation, respectively. Addition of anti-CSF-1 re- 
ceptor antibody completely inhibited the formation of 
multinucleated TRAP-positive cells from bone marrow 
cells of me/me, mev/mev, or littermate control mice (Table 
4). Addition of CSF-1 stimulated development of TRAP- 
positive cells in me/me, mev/mev, and littermate control 
mice, but there was no significant difference in numbers 
of CSF-1-stimulated TRAP-positive cells among me/me, 
mev/mev, and littermate control mice (Table 4). TRAP- 
positive cells from me/me and mev/mev mice were larger in 
size and had increased numbers of nuclei compared with 
those from littermate control mice (Figure 5, C and D). 

Histopathological Changes of Femurs in Doubly 
Homozygous meVme" op/op Mice 

We produced doubly homozygous mev/mev op/op mice 
to determine the effects of CSF-1 deficiency In vivo on 
osteoporosis in mev/mev mice. Histological analysis of 
femurs from mev/mev op/op mice showed increased 
bone thickness compared with mev/mev mice. However, 
an expansion of bone marrow cavities and reduced tra- 
becular bone were exhibited mev/mev op/op compared 
with +/? op/op mice (Figure 6, A and B). Although there 
were no observable TRAP-positive osteoclasts in +/? 
op/op mice (Figure 6C), osteoclasts on the endosteal 
surface of femoral bones in mev/mev op/op mice were 
detected by positive histochemical reaction for TRAP 
(Figure 6D). However, these endosteal TRAP-positive 
cells were small and mononuclear. 
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Figure 5. Increased size of m&/me" osteoclasts. Osteoclast cultures from littermate control (A and C) and mev/me' mice (B and D) were fixed and stained for 
TRAP. A and B were cultured without CSF-1. C and D were cultured with CSF-1. The arrows indicate TRAP-positive cells. A and B: Cultured osteoclasts from 
mev/me" mice (B) in the absence of exogenous CSF-1 are larger than those from littermate control mice (A). Numbers of TRAP-positive cells in mev/mev mice 
were increased compared with those in controls. C and D: After addition of CSF-1, osteoclasts from mev/mev mice (D) are larger in size than that from littermate 
control mice (C) and have increased numbers of nuclei (arrowhead). Scale bar, 0.05 mm. 

Western Blotting Analysis of SHP-1 Protein 

Osteoclasts isolated from osteoblast/bone marrow cell 
co-cultures were analyzed for the expression of SHP-1 
protein. Osteoclasts from littermate control and mev/mev 

bone marrow cells treated with 1,25(OH)2D3 expressed 
SHP-1 protein (Figure 7A). Although mev/mev mice are 
deficient in SHP-1 functional activity, these mice, never- 
theless, express normal levels of SHP-1 protein. As is 
shown in Figure 7A, lane 3, those mice produce two 
SHP-1 bands on Western blotting. One band is slightly 
lower than normal and is slightly smaller. However, as 

Table 4. Numbers of TRAP-Positive Cells in Co-Culture in 
the Presence or Absence of CSF-1 Growth Factor 
or Neutralizing Anti-CSF-1 Receptor Antibody 

Numbers of cells x 102/mm2 

Genotype No treatment CSF-1           Anti-CSF-1 

+/? 
meVme" 
me/me 

1.74 ±0.26 
3.56 ± 0.61* 
2.66 ± 0.45 

2.81 ± 0.32*         0 ± 0 
3.85 ± 0.87           0 ± 0 
2.98 ± 0.54           0 ± 0 

Data are presented as mean ± SEM. In the no-treatment group, 
there was no significant difference between +/? and me/me or between 
me/me and mev/mev. In the CSF-1 treatment group, there was no 
significant difference between +/? and me"/mev or me/me. There was 
no significant difference between the presence and absence of CSF-1 
in me/me and meVme" mice. 

"P < 0.05 versus no treatment. 
fP < 0.05 versus +/? group. 

expected, osteoclasts isolated from me/me mice did not 
express SHP-1 (Figure 7A). This is consistent with our 
previous finding that mev/mev hematopoietic cells ex- 
press SHP-1 protein with severely reduced catalytic ac- 
tivity whereas me/me hematopoietic cells lack SHP-1 pro- 
tein.16 To identify potential SHP-1 substrates, we 
examined the total cell lysate (TCL) of cultured oste- 
oclasts from me/me, mev/mev, and littermate control 
mice. Several distinct protein bands in TCLs from me/me 
and mev/mev osteoclasts were found to be hyperphos- 
phorylated on tyrosine residues, including proteins of 
approximately 47, 60, and 126 kd (Figure 7A). We next 
looked for phosphotyrosine proteins that were associated 
with SHP-1 in osteoclasts. A phosphotyrosine protein of 
approximately 126 kd (p126) was detected in the anti- 
SHP-1 immune complex from mev/mev osteoclasts (lane 
3) but not in osteoblasts (lane 1), littermate control oste- 
oclasts (lane 2), or me/me osteoclasts, which lack SHP-1 
protein (lane 4; Figure 7B). 

Discussion 

This study shows that the absence or severe reduction of 
SHP-1 activity in me/me and mev/mev mice, respectively, 
caused marked abnormalities in the development and 
activity of osteoclasts in vitro and in vivo. Histological 
studies demonstrated increased numbers of TRAP-posi- 
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Figure 6. Reduction of osteopetrosis in CSF-1-deficient mf/me" op/op mice, as shown by histological analyses of bone tissue in mice at 4 weeks of age A and 
C: +/? op/op mice B and D: meVmey op/op mice. A and C: Sagittal section of +/? op/op femur shows prominent osteosderosis, marked reduction of bone marrow 
cellulanty, and lack of TRAP-positive cells. B and D: Decreased trabecular bone and increased bone marrow cellularity are seen in mev/me" op/op mouse Although 
TRAP-positive cells are detected, they are small and mononuclear. Inset: A high magnification of TRAP-positive mononuclear cell indicated by box Scale bar 0 01 
mm. The arrows indicate the TRAP-positive cells. H&E (A and B); TRAP stain (C and D). Scale bar, 0.1 mm (A and B) and 0 03 mm (C and D) 

tive cells and increased percentages of multinucleated 
osteoclasts (>4 nuclei/cell) in mev/mev mice When oste- 
oclasts from me/me, meVmev, and littermate control mice 
were incubated on dentine slices, the areas of pit forma- 
tion caused by osteoclasts from the mutant mice were 
substantially increased compared with pit areas from 
littermate control osteoclasts. SHP-1 was found to be 
expressed in osteoclasts, but not in osteoblasts as de- 
termined by immunohistochemical staining and Western 
blotting with anti-SHP-1 antibody. In our previous studies, 
it was shown that treatment of motheaten mice with 500 R 
■y-irradiation followed by reconstitution with normal bone 
marrow cells resulted in increased life span.36 The den- 
sity of femoral bone in these treated mutant mice was 
normal (unpublished data). This result indicates a pri- 
mary defect in hematopoietic progenitor cells. It has been 
reported that the turnover rate of bone in me/me mice 
was increased compared with that in littermate control 
mice.37 As bone turnover rate is increased in the me/me 
mutant mice, osteoblast activity is not likely to be im- 
paired, and increased osteoclast activity is likely the ma- 
jor factor contributing to osteoporosis in the mutant mice. 
These data clearly suggest that the osteoporotic changes 

observed in these mutant mice resulted from increased 
osteoclast numbers and heightened osteoclast function. 

To determine the role of SHP-1 in osteoclastogenesis, 
we have used In vitro culture systems. Co-culture using 
normal osteoblasts and bone marrow cells from me/me, 
mev/mev, or littermate control mice showed that numbers 
of TRAP-positive cells generated from bone marrow cells 
from me/me and mev/mev mice were increased com- 
pared with those from littermate control mice. These data 
suggest that the abnormal growth of osteoclasts in the 
mutant mice may be due to impaired negative regulation 
of cytokine signaling by SHP-1 in vitro. Similarly, in the 
erythroid lineage, activation of SHP-1 by binding to the 
erythropoietin receptor plays a major role in terminating 
proliferative signals.18'20'38'39 Likewise, absence or re- 
duction of enzymatic activity of SHP-1 results in hyperre- 
sponsiveness to erythropoietin. Our data show that ab- 
sence or reduction of functional SHP-1 in me/me and 
mev/mev mice, respectively, results in increased oste- 
oclastogenesis. First we examined effects of CSF-1, 
which play an important role in osteoclast development 
and differentiation. It has been reported that SHP-1 is 
rapidly phosphorylated in macrophages after binding of 
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Figure 7. Hyperphosphorylation of phosphotyrosine proteins in mev/mev osteoclasts, as shown by Western blotting analysis of SHP-1 and proteins that were 
hyperphosphorylated on tyrosine residues (A) and immunoprecipitation with anti-SHP-1 antibody (B). Osteoclasts were obtained from co-culture of normal 
osteoblasts (+/+) and bone marrow cells from me/me, me"/mev, or littermate control mice (+/?). A: The cells were lysed to prepare total cell lysate (TCL). The 
positions of protein size markers, SHP-1, ß-actin, and several hyperphosphorylated proteins are indicated. The arrow indicates a 126-kd protein. B: TCL was used 
for immunoprecipitation with anti-SHP-1 antibody. The immune complexes were analyzed by SDS-PAGE/Western blotting with anti-phosphotyrosine protein. A 
phosphotyrosine protein of 126 kd was detected in TCL anti-SHP-1 immunoprecipitates from me"/me* osteoclasts (lane 3) but not in osteoblasts (lane 1), 
littermate control osteoclasts (lane 2), or me/me osteoclasts (lane 4). Lane 1 shows the +/+ osteoblast culture without bone marrow cells. 

CSF-1 to its receptor.27 Addition of neutralizing monoclo- 
nal antibody to CSF-1 receptor completely blocked 
multinucleated TRAP-positive cell development in vitro. 
We expected that osteoclasts from me/me and mes//mev 

mice would show increased proliferation in response to 
CSF-1. Although addition of CSF-1 (1.0 /ig/ml) stimulated 
increased numbers of TRAP-positive cells in littermate 
control mice, there were no significant effects of adding 
exogenous CSF-1 on numbers of TRAP-positive cells in 
me/me and mev/mev mice. We found that TRAP-positive 
cells in me/me and mev/mev mice were larger than those 
in normal mice and were multinucleated after incubation 
with CSF-1. In a recent in vitro study, it was shown that 
CSF-1 induced the formation of large multinucleated os- 
teoclasts in rats.40 This may explain why there were in- 
creased TRAP-positive multinucleated cells in me/me 
and mev/mev mice and suggests that SHP-1 is a negative 
regulator of CSF-1 signaling in osteoclasts. 

We performed genetic crosses with CSF-1-deficient 
osteopetrosis (op) mutant mice to determine the role of 
CSF-1 in the bone disease observed in mev/mev mice. 
Doubly homozygous mev/mev op/op mice showed poor 
survival associated with overgrowth of granulocytes in 

the lungs, skin, and elsewhere. However, mev/mev op/op 
mice manifested improved development of lymphoid fol- 
licles compared with mev/mev +/? mice, suggesting that 
the overgrowth of macrophages in the spleen of mev/mev 

mice may play a suppressive role in follicle development 
(data not shown). Although mev/mev op/op mice dis- 
played osteopetrosis, mononucleated TRAP-positive 
cells developed in these mice, and osteopetrosis in meV 
mev op/op mice was less severe than in +/? op/op mice. 
These observations suggest that differentiation of oste- 
oclasts is supported by CSF-1-independent mechanisms 
in mev/mev op/op mice to compensate for the absence of 
functional CSF-1 activity. It is known that osteopetrosis in 
aged op/op mice is partially reversed with a spontaneous 
increase of numbers of mononuclear osteoclasts and 
expansion of bone marrow cavities.41,42 Bcl-2 overex- 
pression in monocytes of op/op mice results in replenish- 
ment of tissue macrophages and partial reversal of long 
bone osteopetrosis.43 The partial reversal of osteopetro- 
sis with age in op/op mice may be associated with in- 
creased levels of granulocyte/macrophage colony-stim- 
ulating factor (GM-CSF) and interleukin-3 as these 
cytokines are increased in aged op/op mice.42 Although 
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studies by Wiktor-Jedrzeijczak et al44 suggested that 
short-term administration of GM-CSF to op/op mice failed 
to cure osteopetrosis, studies by Myint et al42 suggested 
that injection of rmGM-CSF induced osteoclast develop- 
ment in op/op femurs. In previous in vitro studies, the 
effects of GM-CSF on osteoclast formation were contro- 
versial. In contrast to most known cytokines, osteoprote- 
grin ligand (OPGL) stimulates osteoclast differentiation 
directly.45 The signaling pathways of the OPGL receptor 
are'not clear. We sought to define the" potential role and 
mechanisms of SHP-1 in osteoclasts. 

It was reasoned that protein tyrosine phosphorylation, 
which is down-regulated by SHP-1 in normal mice, would 
be altered in osteoclasts from SHP-1-deficient motheaten 
mice. To identify potential SHP-1 substrates, we exam- 
ined proteins that were hyperphosphorylated on tyrosine 
residues in the total cell lysates (TCLs) of osteoclast 
co-cultures from me/me and mev/mev mice. Several dis- 
tinct protein bands were found to be hyperphosphory- 
lated on tyrosine residues compared with littermate con- 
trol TCLs, indicating that dephosphorylation depends on 
SHP-1. The identities of these hyperphosphorylated pro- 
teins have not yet been determined. We also examined 
phosphotyrosine proteins associated with SHP-1 in oste- 
oclasts. A phosphotyrosine protein of approximately 126 
kd (p126) was detected in the anti-SHP-1 immune com- 
plexes from meVmev osteoclasts. We have previously 
reported that p 126 is a novel phosphoprotein in macro- 
phages.30 The marked hyperphosphorylation of p126 in 
mev/mev osteoclasts suggests that it is a major SHP-1 
substrate in these cells. One of the most significant ad- 
vances in the study of osteoclast differentiation was the 
development of a co-culture system for production of 
osteoclasts in tissue culture. Although the murine oste- 
oclast-like cells produced in this manner are well char- 
acterized, it is difficult to obtain purified osteoclast prep- 
arations. Although we used a co-culture system to 
produce osteoclasts, there is a possibility that the lysates 
were contaminated by a proportion of non-osteoclastic 
cells, including osteoblasts and adherent bone marrow 
cells. Thus, our findings reported here must be consid- 
ered as preliminary. Recently, it has been reported that 
OPGL stimulates osteoclast differentiation directly with- 
out osteoblasts.45 OPGL would provide improvement in 
the study of osteoclast biochemical characterization. 

In conclusion, me/me and mev/mev mice show mark- 
edly lowered bone density due to increased numbers 
and function of multinucleated osteoclasts. Thus, SHP-1 
plays an important role in the regulation of osteoclasto- 
genesis and osteoclast function. The association of p126 
with SHP-1 suggests that p126 plays an important role in 
osteoclast signaling pathways. However, it is not clear 
from the current data whether p126 mediates the height- 
ened osteoclastogenesis or osteoclast function. Addi- 
tional studies to identify and characterize the hyperphos- 
phorylated proteins in motheaten osteoclasts are not only 
important for defining SHP-1 substrates but will also help 
to elucidate the signaling pathways for osteoclastogen- 
esis and osteoclast function. 
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A new mouse model of stage-specific bone growth failure and 
fracture has been recovered as an autosomal recessive mu- 
tation, designated spontaneous fracture (sfx). The sfx/sfx 
mice are phenotypically normal until shortly after weaning, 
when reduced mobility and impaired somatic growth are 
first noted. By 6 weeks of age, body, spleen, and thymus 
weights, as well as hematocrits and serum calcium, inorganic 
phosphate, total alkaline phosphatase, insulin-like growth 
factor-I, and osteocalcin levels are decreased. The sfx/sfx 
mice also show reduced femoral cortical density and diaph- 
yseal circumference, as well as a paucity of mature osteo- 
blasts on bone surfaces. Histological analyses of the femur 
and tibia in the mutants show subtle reduction of chondro- 
cyte numbers in epiphyseal-plate columns, reduction of ma- 
trix, and near absence of osteoid below the differentiated 
chondrocytes. Trabeculae in proximal tibiae, iliacs, and ver- 
tebral bodies are sparse and thin. Cortical bone thickness of 
mutants is markedly thinned in all sites examined. By 7-8 
weeks, radiographic films routinely show spontaneous im- 
pact fractures of the distal femur accompanied by callus 
formation, whereas complete fractures are less commonly 
observed. Volumetric bone mineral density (BMD) of mutant 
femurs is similar to +/? littermates in the center of the 
femoral diaphysis, but BMD declines as either end of the 
femoral diaphysis is approached. We have mapped the gene 
responsible for this phenotype to central Chromosome 14. 
Reduced bone mass, impaired bone formation, abnormalities 
of bone architecture, and a disposition to spontaneous frac- 
ture identify sfx/sfx mice as a useful model for understanding 
the mechanisms responsible for peripubertal bone formation. 
(Bone 27:619-626; 2000) © 2000 by Elsevier Science Inc. 
AH rights reserved. 

Key Words: Mice; Mutation; Bone formation; Spontaneous 
fracture. 

Introduction 

Spontaneous mouse mutants with a skeletal phenotype have long 
been the focus of investigation in developmental biology and 

Address for correspondence and reprints: Dr. Jane E. Barker, The 
Jackson Laboratory, Bar Harbor, ME 04609. E-mail: jeb@jax.org 

comparative morphology. Currently, there are more than 120 
known and genetically mapped mutant genes, plus nearly 50 
additional ones not yet mapped (Mouse Genome Database at 
http://www.informatics.jax.org). These mutant genes affect the 
broadest imaginable range of endochondral and membranous 
skeletal biology, with many representing analogous and homol- 
ogous models of human bone disorders. As experimental tools, 
these mouse mutations are particularly useful not only for dis- 
secting biochemical pathways, but also for mapping previously 
unknown genes that affect structure and bone turnover. In this 
report, we describe a new spontaneous mouse genetic model, 
designated spontaneous fracture (gene symbol sfx), that is inher- 
ited as an autosomal recessive locus and maps near the center of 
mouse Chromosome 14. Mice homozygous for the mutation 
appear normal until weaning; however, by 28-30 days of age, 
they fail to maintain pubertal growth and display reduced serum 
insulin-like growth factor-I (IGF-I), osteocalcin, calcium (Ca), 
inorganic phosphate (Pi), total alkaline phosphatase, and hema- 
tocrits. By 49-56 days of age, mutants show radiographic evi- 
dence of compression fractures of the distal femur, and a striking 
histological pattern of diminished bone formation in long bones, 
axial skeleton, and calvaria. This mutation was initially reported 
at the 1997 annual meeting of the American Society for Bone and 
Mineral Research.3 

Materials and Methods 

Mice 

Mice exhibiting the sfx phenotype appeared in a BALB/cBy 
inbred strain segregating for another mutation, severe combined 
anemia and fhrombocytopenia (gene symbol scat12). The scat 
and sfx mutations were separated from one another by back- 
crossing to BALB/cBy wild-type mice and obtaining normal 
N1F1 progeny. These Fl mice were intercrossed to identify pairs 
that carried sfx by reappearance of the spontaneous fracture 
phenotype in their offspring, but not that of scat. This separation 
of the two mutant phenotypes in the intercross N1F2 offspring 
confirmed sfx as a unique mutant gene that was inherited as a 
recessive gene and not genetically linked to scat. Both male and 
female spontaneous fracture mice are equally affected; heterozy- 
gous (sfx/+) mice are indistinguishable from homozygous (+/+) 
wild-type animals. 

All mice were housed in groups of two to four in polycar- 
bonate boxes (130 cm2) with sterilized White pine shavings as 

© 2000 by Elsevier Science Inc. 
All rights reserved. 
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bedding. Diet consisted of pelleted and autoclaved NIH 31 diet 
(Rat and Mouse Diet #5K52, 6% fat; PMI Mills, Inc., St. Louis, 
MO) fed ad libitum. Water was acidified with HC1 to a pH of 
2.8-3.2 to retard bacterial growth. When mutants were present in 
a weaned litter, they were supplemented daily with a watered 
slurry of ground diet in a 60 mm plastic tissue culture dish. 
Lighting schedule was 14:10 h light:dark with an ambient tem- 
perature of 20 ± 2°C. Mice were exsanguinated by decapitation 
to rapidly obtain blood samples for serum assays of osteocalcin 
and IGF-I, as well as blood chemistry analyses. Samples of bone, 
muscle, and organs were preserved as described below for 
histological analyses. 

The BALB/cBy sfa colony was maintained by test mating 
normal littermate progeny from litters produced by known car- 
riers of sfa and by transplantation of ovaries from sfx/sfa into 
congenic C.B-c+Hbb* hosts. Ovary transplanted females were 
mated to BALB/cBy +/+ males to produce heterozygous 
(sfal+) mice. The physiological data reported below are for mice 
from the BALB/cBy colony. All procedures were approved by 
the institutional animal care and use committee of The Jackson 
Laboratory. 

Genetic Mapping 

Genetic localization of the sfx gene was undertaken by first 
mating sfx/sfa ovary-grafted females to CAST/Ei males to obtain 
(BALB/c X CAST/Ei)Fl-5j5c/+ progeny. These Fl-sfx/+ mice 
were intercrossed to produce F2 progeny segregating the mutant 
sfx and wild-type + alleles at this locus. Nearly 900 mice were 
weaned, of which 217 were phenodeviants at 30-40 days of age 
and judged to be mutants. At necropsy, kidneys and spleens were 
collected from the 217 sfx/sfa and 55 +/? mice, snap frozen in 
liquid N2, and stored at -60°C. DNA was prepared from F2 
spleens with Qia-amp kits (Qiagen, Inc., Valencia, CA) follow- 
ing the manufacturer's instructions. Genotyping was accom- 
plished with oligonucleotide primer pairs (MapPairs, Research 
Genetics, Birmingham, AL) that amplified simple sequence 
length polymorphisms (SSLPs) from known regions of mouse 
chromosomes.5 These primers distinguish between sequences on 
the same chromosome in different strains of mice based on the 
size of the product generated. Polymerase chain reaction (PCR) 
products were generated under standard conditions. Amplified 
PCR products were separated on 4% NuSieve agarose gels 
(FMC, Rockland, ME) and visualized by ethidium-bromide 
staining. Two to six Mit markers per chromosome were used to 
establish the frequency of allelic combinations present at each 
marker; that is, homozygous for CAST (cast/cast) or BALB/cBy 
(Jbalb/balb) progenitor alleles, or heterozygous for progenitor 
alleles (cast/balb). DNAs from BALB/cBy, CAST, and 
(BALB X CAST)F1 hybrids were used as electrophoretic stan- 
dards in every gel to identify the genotype of PCR products 
derived from F2 mice. Possible linkage of the sfx locus to the 
markers was indicated when the recombination frequency be- 
tween marker and phenotype decreased to below 20%. 

Histology 

Soft tissues-removed from mice were preserved in Bouin's 
fixative for 24 h, then processed by routine paraffin-embedded 
methodology, sectioned at 5 u,m, and stained by hemotoxylin and 
eosin (H&E) for histological study. Skeletal specimens were 
decalcified by 3 week fixation in multiple changes of Bouin's 
solution, then paraffin embedded, and sectioned at 5 |im thick- 
ness. Sections were stained with H&E for morphological analy- 
ses or with naphthol-AS-BI-phosphate and counterstained with 

hemotoxylin for tartrate-resistant acid phosphatase (TRAP) de- 
tection of osteoclasts. 

Radiographic Analysis 

Animals were anesthetized with Avertin (2,2,2-tribromoethanol 
in amylenehydrate; Aldrich Chemicals, St. Louis, MO10) at a 
dose of 250 mg/kg and placed in both dorsal recumbent and 
lateral positions with legs extended as much as possible. Radio- 
graphs were taken with a Faxitron Cabinet X-ray System (Model 
MX-20, Faxitron X-ray Corp., Wheeling, IL). Mice were ex- 
posed at 22 kVp for 3 sec. Images of mutant and normal mice 
were recorded on Kodak mammography-grade film. 

Bone Densitometry 

Measurement of bone mineral density was undertaken by periph- 
eral quantitative computerized tomography (pQCT) utilizing a 
Stratec XCT 960M (Norland, Medical Systems, Ft. Atkinson, 
WI) as previously described.1 Whole femurs were measured at 1 
mm intervals and the unit volume within which mineral was 
measured was set at 0.1 mm3. Attenuation data were analyzed by 
a manufacturer-supplied software package, XMICE v5.1. The data 
for two sections located 1 mm apart at the middiaphysis were 
averaged and analyzed for total bone mineral content, total 
mineralized volume, and total bone density. Normal and mutant 
mice were gender-matched littermates at approximately 40 days 
of age. Six sets of animals were analyzed in each group. 

Biochemical Assays 

Chemical analyses of sfx/sfa and +/? serum samples were 
performed on separate sets of trunk blood samples collected from 
mice aged 34-40 days. Serum calcium, potassium, sodium, 
phosphorus, alkaline phosphatase, magnesium, and chloride val- 
ues were measured (13-25 mice/group) with a Synchron CX5 
Clinical System (Beckman Instruments, Fullerton, CA) follow- 
ing the manufacturer's instructions. Prior to each assay, calibra- 
tion standards were assessed to establish validity and accuracy of 
measurements. Serum IGF-I was measured in separate sets of 
blood samples (50 fjuL/sample; five to nine mice per genotype) 
from mice aged 5-7 weeks using a commercially available 
radioimmunoassay kit (Nichols Institute, San Juan Capistrano, 
CA) as previously described.14 Serum IGF binding proteins were 
dissociated from IGF-I by acid-ethanol treatment, then cryopre- 
cipitated. Serum osteocalcin levels were assayed in 12 pairs of 
sfx/sfa and +/? age- and gender-matched mice by Immunoradio- 
metric assay (IRMA) using a commercially available kit (Immu- 
notopics, Inc., San Clemente, CA). This assay requires 25 u,L of 
serum and detects levels as low as 50 ng/mL. Hematocrit values 
were obtained from three separate groups of mutant and normal 
littermate mice contributing serum for osteocalcin or serum 
electrolyte measurements. 

Statistical Analyses 

Mapping data are expressed as percent recombination fre- 
quency ± SEM, with linkage of segregating markers with the 
mutant sfx phenotype evaluated by chi-square analysis. All phys- 
iological data are expressed as mean ± SEM, with differences 
between means analyzed by analyses of variance (ANOVAs) or 
by unpaired Student r-tests, using the computer program STAT 

VIEW 4.5 (SAS Institute, Cary, NC). 
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Figure 1. Patterns of growth for female and male sfx/sfx and +/? 
littermate mice. Body weights of the sfx/sfx mice were lower than the +/? 
littermates at every age, although the mutant mice at the 21-25 day 
period were identified retrospectively after phenotyping at 35-40 days of 
age. Mutants of both genders lose body mass between 5 and 7 weeks, and 
die between 7 and 8 weeks of age. Number of mice per group ranged 
from three to nine. 

Results 

Phenotypic Characterization 

Growth. At 20-24 days of age, the progeny of tested BALB/cBy 
sfx/+ breeder pairs appeared unremarkable in size and move- 
ment. At 26-30 days of age, sfx/sfx mice demonstrated increas- 
ing difficulty moving about in their cages and failed to maintain 
the rate of body weight gain observed in normal littermates 
(Figure 1). The mutants' coats appeared scruffy, possibly as a 
result of difficulties with self-grooming behavior. Postweaning, 
the mutants were fed a slurry of ground NIH 31 diet and water in 
60 mm tissue culture dishes because of difficulty in obtaining 
food and water from suspended dispensers and bottles. At nec- 
ropsy, inspection of gastrointestinal tracts showed that mutants 
fed in this manner had food in their stomachs and small intes- 
tines, plus fecal pellets in their colons. 

Assessment of allometric measurements at 35 days of age 
revealed that the sfx/sfx mice had significantly smaller (p < 0.01) 
spleens (sfx/sfx = 0.0036 ± 0.0002 vs. +/? = 0.0062 ± 0.0005) 
and thymus glands (sfx/sfx = 0.0017 ± 0.0003 vs. +/? = 
0.0069 ± 0.0004), whereas brain (sfx/sfx = 0.0381 ± 0.0011 vs. 
+/? = 0.0231 ± 0.0011) and kidney (sfx/sfx = 0.017 ± 0.000 
vs. +/? = 0.014 ± 0.001) weights were significantly larger. 
Relative heart, liver, and testes weights did not differ between 
mutant and normal littermates. Heterozygous (sfx/+) mice were 

Figure 2. (A) Radiograph of sfx/sfx mouse at 40 days showing the 
common characteristic impact fracture of the knee joint. The distal 
diaphysis penetrated into the metaphysis. (B) Radiograph of sfx/sfx 
mouse at 47 days showing infrequent complete fracture of the distal 
femur. 
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Figure 3. Histology of bone tissues from +1? (A,C,E,G) compared with sfx/sfx (B,D,F,H) littermate mice at 40 days of age. Scale bars represent 50, 
10, or 5 (j,m for comparative purposes. (A,B) Proximal lumbar vertebrae of +/? and sfx/sfx mice, respectively. Note the virtual absence of trabeculae 
and the thin growth plate with minimal osteoid in the mutant bone. (C,D) Distal femur of +1? and sfx/sfx mice, respectively. Note reduction of trabeculae 
in metaphysis, reduced osteoid distal to the growth plate, and reduced thickness of the growth plate in the mutant bone. (E,F) Higher power of distal 
femur growth plates shown in (C) and (D). Osteoid deficiency is very apparent, while the columns of chondrocytes are present but do not appear very 
active. (G,H) Calvarial bone shows osteocytes within sfx/sfx cortical bone; however, the thickness of the mutant bone averages approximately 60%-65% 
of +/? littermate bone. Cells in the sfx/sfx calvaria bone lining are sparse compared with those of +/? mice. 
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Figure 4. Cellular hyperplasia found on surfaces of sfx/sfx bones at 40 days of age. (A) Nasal turbinate of +/? mouse. Supportive bone for olfactory 
epithelia is indicated by arrow. (B) Nasal turbinate of sfx/sfx. littermate that shows reduced supportive bone and proliferation of a cell type of uncertain 
origin indicated by arrow. (C,D) Low- and high-power photomicrographs of proximal tibia from sfx/sfx mouse showing a proliferative cell type similar 
to that in (B) of uncertain lineage. Such proliferative masses of cells were also observed on iliac surfaces and in mandibles. 

indistinguishable from homozygous +/+ wild-type animals at 
all ages. No defects at the gross or light-microscopic levels were 
found in heart, thymus, spleen, thyroid gland, parathyroid gland, 
pituitary gland, liver, kidneys, gastrointestinal tract, pancreas, 
adrenal gland, or brain. 

Bone parameters. Spontaneous fractures of the femur were 
identified in both male and female F2 and BALB/cBy sfx/sfx 
mice. Radiographs and histology revealed numerous impact 
fractures wherein the femoral diaphyseal shaft was driven into 
the distal metaphysis in mice aged 6-7 weeks (Figure 2A). 
Occasionally, a mouse showed bilateral transverse fracture of the 
distal metaphyses at about 7-8 weeks of age (Figure 2B). 
Fractures were also identified in radiographs of the smaller bones 

in sfx/sfx mice, such as the metacarpals. Due to the fragile nature 
of this mutant's skeleton, handling of mice for any reason from 
weaning onward was done with the greatest possible care. 

Bone specimens for histological analyses were collected at 
5-6 weeks of age from BALB/cBy +/? and sfx/sfx littermates 
when mutants showed significant weight loss and increased 
reluctance to move about their cages. Significant abnormalities 
were observed in various skeletal sites. (Figure 3A,B) shows that 
lumbar vertebral bodies of sfx/sfx mice were essentially devoid of 
osteoid and trabeculae, and fewer chondrocytes could be seen in 
the growth plates. Growth plate arrest was also apparent when 
long bones such as distal femurs were examined, as shown in 
Figure 3C,D. Osteoid was markedly deficient or absent in re- 

Table 1. Body weight and femoral middiaphyseal data for BALB/cBy +/? and sfx/sfx littermates at 40 days of age 

Genotype (n) Body weight (g) 
Total density 

(mg/mm3) 
Cortical density 

(mg/mm3) 

Periosteal 
circumference 

(mm) 

+/? (6) 
sfx/sfx (6) 
Percent difference 

17.06" ± 0.83 
7.89 ± 0.45 

46% 

0.416 ± 0.008 
0.401 ±0.016 

96% 

0.601° ± 0.012 
0.461 ± 0.012 

77% 

4.053a ± 0.108 
1.858 ± 0.389 

46% 

> < 0.0001. 
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Genotype                      Calcium                                  Pi 
Alkaline phosphatase 

(total) Osteocalcin 
Insulin-like 

growth factor-I 

+/?                        9.14 ±0.09 (38)                 9.08 ±0.19(38) 
sfx/sfa                    8.56c ± 0.05 (25)                8.15" ± 0.20 (24) 

194 ± 4 (38) 
178" ± 9 (24) 

326 ± 31 (12) 
96c±30(12) 

200 ± 22 (16) 
123" ± 22 (19) 

Data presented as mean ± SEM. Numbers in parentheses indicate number of observations. 
> < 0.05; bp < 0.01; cp < 0.0001. 

gions adjacent to growth plates in long bones, whereas remnants 
of mineralized osteoid were observed distal to the growth plates. 
We also observed necrosis beneath the epiphyseal growth plate 
and neovascularization of the same region as shown in Figure 
3E,F. The cells lining the endosteum in the sfa/sfx long bones 
were less abundant, thinner, and more variable than the cells 
lining the osteoid-covered surfaces in the wild-type mice. Al- 
though TRAP-stained osteoclasts were observed in both sfx/sfic 
and normal mice, the numbers were very modest (data not 
shown). Figure 3G,H shows coronal sections of +1? and sfx/sfa 
calvariae that reveal the thickness of the mutant bone was 
approximately 65% that of normal littermates. Osteoblast-like 
cells lining the dorsal and ventral calvarial bone surfaces were 
very sparse in the sfx/sfa mice. The periosteum was thickened 
and fibrous in many of the sections examined. An unusual 
observation made in sfa/sfx skeletal specimens is detailed in 
Figure 4. Inspection of nasal turbinates shows that mature bone 
supporting the olfactory epithelium was deficient in amount, as 
seen in Figure 4A vs. B. Most enigmatic was the presence of 
unidentified cellular masses within the sfx/sfa turbinate structures 
(arrow in Figure 4B). Other skeletal sites (i.e., mandibles, iliacs) 
in the sfx/sfa mice also showed accumulations of large eosino- 
philic cells with heterochromatic nuclei surrounding fragments 
of mineralized bone. Formation of molars and incisors appeared 
normal (data not presented). In Figure 4C,D an sfa/sfx proximal 
tibia is presented that shows callus-like masses of cells on the 
periostea] surfaces. These cells appeared to be similar to osteo- 
blasts, but lacked the cytoplasmic basophilia associated with 
active protein production and ribosomes. 

Data for femoral bone parameters measured at the midpoint 
of the diaphysis by pQCT are presented in Table 1. We found 
that the middiaphyseal total bone density was not significantly 
lower in sfx/sfa than in +/? littermates; however, as measure- 
ments were made toward either end, mineral density levels 
characteristic of cortical bone rapidly disappeared. Periosteal 
circumference, an approximation of bone size, was reduced in 
proportion to body mass. However, cortical density was signif- 
icantly reduced in the mutant mice to 77% of the value in normal 
littermates. 

Metabolic Parameters 

Selected serum mineral and protein parameters were assessed in 
27 sfa/sfx (14 males, 13 females) and 44 +/? (19 males, 25 
females) mice aged 33-44 days. Because no gender differences 

were seen, the data for males and females were combined for 
presentation of genotype effects in Table 2. We found that each 
of the measures (Ca, Pi, total alkaline phosphase, osteocalcin, 
and IGF-I) was significantly reduced in the sfa/sfx mice com- 
pared with +/? mice. Given that mutant mice had food in their 
gastrointestinal tracts, the serum changes observed were not a 
consequence of failure to consume nutrients. Nevertheless, we 
did find that serum Na and Cl were significantly elevated in 
female but not male mutants, suggesting the likelihood of a 
modest degree of dehydration. No differences were detected in 
serum Mg levels. 

Hematocrits were measured in mutant and normal Iittermate 
mice and grouped by age in weeks. Two-way ANOVA of these 
data show that packed cell volumes did not differ by age, but did 
differ by genotype (p < 0.0001) with sfx/sfa mice having a 
consistently lower percent red blood cells than +/? littermates. 
Comparative values for mutants and normals at 5 (a), 6 (b), and 
7 (c) weeks were: (a) sfa/sfx (8) = 45.6 ± 0.4 vs. +/? (7) = 
48.6 ± 1.4; (b) sfa/sfx (6) = 43.5 ± 1.4 vs. +/? (9) = 49.3 ± 1.2; 
and (c) sfa/sfx (5) = 43.4 ± 1.0 vs +1? (3) = 49.3 ± 1.8. White 
blood cell counts were assessed in the 5-6-week-old mice and 
found to be significantly reduced (p < 0.0001) in the mutants vs. 
+1? littermates {sfx/sfa [14] = 0.82 ± 0.07 X 109/L vs. +/? [15] 
= 2.16 ± 0.15 X 109/L). 

Genetic Mapping 

When a sampling of BALB/cBy sfa/+ matings was evaluated for 
the ratio of mutant:normal siblings, we found 25 affected mice 
(13 females, 12 males) out of a total of 93 offspring. Similarly, 
matings between (BALB/c X CAST/Ei)Fl sfa/+ parents pro- 
duced 217 affected mice among nearly 900 total offspring. 
Collectively, these ratios of affected:normal progeny demon- 
strate that a single autosomal recessive gene was responsible for 
the mutant phenotype. To localize the gene to a chromosomal 
region, a genome-wide scan of 217 F2 sfa/sfx progeny was 
performed using two to six MIT markers per chromosome. By 
exploiting the polymorphic differences between the BALB/cBy 
parental inbred background of the sfa mutation and CAST/Ei 
strain carrying the wild-type allele, recombination events that 
occurred in the gametes of the Fl generation could be scored in 
the F2 generation. Nonrandom association between the mutant 
phenotype and the molecular genetic markers was found for 
chromosome 14. Data presented in Table 3 show that 
D14MÜ203 yielded the lowest recombination frequency. Analy- 

Table 3. Mapping data locating the sfx mutation to chromosome 14 of the mouse 

Genetic distance (cM) 8.0 13.5 15.0 26.0 28.5 40.0 44.0 48.0 54.0 
D14Mit SSLP marker 252 139 141 66 203 34 35 265 75 
Recombination fraction lfl J2S. _22 _£ -A _2S 12 16. IS 

34 217 217 190 210 212 35 35 35 
(29%) (18%) (18%) (4%) (2%) (12%) (34%) (46%) (53%) 

Genetic map distances were obtained from the Mouse Genome Database (http://www.informatics.jax.org). The recombination frequencies are given for 
nine informative markers. The sfx locus is genetically linked to D14MH203 and D14MU34 and lies between these markers. 
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sis of recombination events along chromosome 14 indicated a 
gene order of: centromere-D/4Mi'r203-(1.9 ± 0.9 cM)-sfx- 
(11.8 ± 2.2 cU)-D14Mit34. 

Discussion 

In this article we described a new mouse model with reduced 
bone mass that is almost certainly a function of impaired bone 
formation. The phenotype was named "spontaneous fracture," 
and given the gene symbol sfic. The skeletal phenotype, which is 
unique to sfx/sfx mice, does not appear until after weaning. At 40 
days, femoral cortical bone mineral content and cortical BMD in 
sfx/sfx mice is reduced compared with their normal littermates. 
There is histological evidence of significantly reduced cortical 
matrix, paucity of trabeculae at both axial and appendicular sites, 
and a marked deficiency of mature osteoblasts, whereas oste- 
oclasts were sparse but demonstrable by TRAP staining. The 
histological analyses of mutant bones did not reveal osteomala- 
cia. On the contrary, there is a striking deficiency of osteoid 
rather than defective mineralization of osteoid. These morpho- 
logic observations suggest a defect in osteoblast-mediated bone 
formation. 

Multiphasic screening assessments in the serum of sfx/sfx 
mice revealed that serum levels of Ca and Pi were below those of 
+/? littermates. This reduction in mineral levels in sfx/sfx mice 
was significant; however, the absolute levels should be consid- 
ered "low normal," because the means were within 1 SD of the 
mean for a reference population of adult (C57B1/6 X DB A/2)F1 
mice.7 

Osteocalcin levels, a phenotypic marker of differentiation and 
activity of osteoblasts in young animals, were also low in sfx/sfx 
serum. In adults, osteocalcin levels more accurately reflect bone 
turnover.2 One possible explanation for the reduced serum os- 
teocalcin levels in mutant mice is that the product of the sfx gene 
downregulates the osteocalcin genes. This seems unlikely, how- 
ever, based on observations by other investigators: First, it has 
been demonstrated that the osteocalcin-deficient knockout mouse 
does not show an alteration in the number of osteoblasts.6,8 

Second, unlike sfx/sfx mice, the osteocalcin —/— mice showed 
increased bone formation in the absence of osteocalcin gene 
expression. These findings suggest that the reduction in serum 
osteocalcin observed in the sfx/sfx mouse is reflective of defec- 
tive osteoblastogenesis, as opposed to a regulatory effect of sfx 
on the osteocalcin gene. These data are further supported by the 
histological examination of other bones as well as the pQCT data 
for cortical density. 

The mutation is inherited as a recessive gene that maps to the 
middle of Chromosome 14. At this time, the region containing 
sfx includes up to 14 cM of genetic distance and possibly as 
many as a 1000 genes, effectively precluding a closer examina- 
tion of specific candidate genes. It is likely that the sfx phenotype 
results from abnormalities in osteoblast differentiation or prolif- 
eration, because few osteoblasts were noted histologically and 
also there was a generalized reduction in osteoid production. 
Although a similar phenotype has been reported in several 
induced mutant mouse strains, the genetic loci were different. 
For example, the sfx phenotype is not caused by the absence of 
the gene for the osteoblast transcription factor, cbfal, which 
maps to mouse chromosome 17. The phenotype of the cbfal 
homozygote also differs from sfx in that the cbafl knockout 
(—/-) lacks mineralized bone and dies soon after birth,9 whereas 
sfx/sfx mice are undetectable until shortly after weaning. Another 
regulatory factor for osteoblast differentiation and proliferation is 
IGF-I. Serum IGF-I levels in the sfx/sfx mice were moderately, 
but significantly, lower than their age- and gender-matched 
littermates, despite similarities in environmental conditions and 

evidence of adequate dietary intake. However, neither the IGF-I 
gene locus nor the genetically mapped major IGF binding pro- 
teins (IGFBP-1, -2, -3, -5) are located on Chromosome 14. The 
product of the insulin receptor substrate-1 (irs-1) gene, Irs-1, an 
intracellular signaling molecule required for both insulin and 
IGF-I intracellular action, has recently been causally linked to the 
process of bone formation. Specifically, irs —I— mice have 
shown reduced osteoblast proliferation and differentiation, plus 
severe osteopenia.11 However, these -/- mice do not have 
anemia or a reduced lifespan, two phenotypes characteristic of 
sfx. Because the chromosomal location of the irs-1 gene has not 
been established, it is unclear whether this is a possible candidate 
gene for the sfx mutation. Finally, two matrix-associated genes 
that yield reduced bone formation in knockout —/— mice that are 
excluded by chromosomal location include biglycan (bgri) lo- 
cated on chromosome X15 and osteonectin (Sparc) located on 
chromosome ll.4 

The sfx phenotype is indistinguishable from normal litter- 
mates through the neonate-to-juvenile period of development. 
Shortly thereafter, a constellation of changes develops, which 
have been described in this report. One of the major difficulties 
in defining the phenotype imposed by the sfx mutant gene is 
separating the phenotype dictated directly by the mutation in the 
gene from those secondarily created by impaired mobility and a 
catabolic state. Thus, many questions remain unanswerable at 
this time. For example, what happened to the osteoblasts that 
appeared to normally form bone prior to weaning of the sfx/sfx 
mice? Likewise, do the characteristic deficiencies in osteoblasts 
and hemopoietic cells (reduced white and red blood cells) rep- 
resent pleiotropic effects of the sfx mutation on a bone marrow 
stem cell?13 Fine mapping of the locus on Chromosome 14 may 
provide the best way to address whether this represents a novel 
gene that regulates transcriptional activity in the osteoblast, or 
defines a protein that controls other critical factors in the life- 
cycle of the osteoblast. Understanding the actions and structure 
of a single gene with such a dramatic phenotype will most likely 
have important ramifications for elucidating the molecular mech- 
anisms involved in the acquisition and retention of bone mass 
and for devising therapeutic protocols that might be useful in the 
treatment of osteoporosis. 
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Atherogenic High-Fat Diet Reduces Bone Mineralization 
in Mice 
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WILLIAM GOODMAN,3 and LINDA L. DEMER14 

ABSTRACT 

The epidemiological correlation between osteoporosis and cardiovascular disease is independent of age, but 
the basis for this correlation is unknown. We previously found that atherogenic oxidized lipids inhibit 
osteoblastic differentiation in vitro and ex vivo, suggesting that an atherogenic diet may contribute to both 
diseases. In this study, effects of an atherogenic high-fat diet versus control chow diet on bone were tested in 
two strains of mice with genetically different susceptibility to atherosclerosis and lipid oxidation. After 4 
months and 7 months on the diets, mineral content and density were measured in excised femurs and lumbar 
vertebrae using peripheral quantitative computed tomographic (pQCT) scanning. In addition, expression of 
osteocalcin in marrow isolated from the mice after 4 months on the diets was examined. After 7 months, 
femoral mineral content in C57BL/6 atherosclerosis-susceptible mice on the high-fat diet was 43% lower 
(0.73 ± 0.09 mg vs. 1.28 ± 0.42 mg; p = 0.008), and mineral density was 15% lower compared with mice on 
the chow diet. Smaller deficits were observed after 4 months. Vertebral mineral content also was lower in the 
fat-fed C57BL/6 mice. These changes in the atherosclerosis-resistant, C3H/HeJ mice were smaller and mostly 
not significant. Osteocalcin expression was reduced in the marrow of high fat-fed C57BL/6 mice. These 
findings suggest that an atherogenic diet inhibits bone formation by blocking differentiation of osteoblast 
progenitor cells. (J Bone Miner Res 2001;16:182-188) 

Key words:    osteoporosis, oxidized lipids, bone, atherosclerosis, high-fat diet 

INTRODUCTION 

EPIDEMIOLOGICAL EVIDENCE links osteoporosis with car- 
diovascular disease, independently of age.0-2' Osteopo- 

rosis and the subsequent 1 million fractures in the United 
States each year(3) results from a combination of increased 
bone resorption and decreased bone formation. Low 
bone mineral density (BMD) is associated closely with 
cardiovascular disease mortality,'4 ~6> cardiovascular 
calcification/7-9' atherosclerosis,0010 and high lipid 
levels.'I0~l3) Such correlations raise the possibility of a 
common underlying factor or mechanism. 

We previously found that minimally oxidized low-density 
lipoprotein (MM-LDL), and other bioactive oxidized lipids 
that promote atherogenesis and are increased in atheroscle- 
rotic lesions,(14~19) also inhibit osteoblastic differentiation 
of bone- and marrow-derived preosteoblasts in vitro.<20•21, 

Preosteoblasts harvested from the marrow of mice fed a 
high-fat, atherogenic diet showed significantly less osteo- 
blastic differentiation.'2" Others have shown a paucity of 
cells committed to the bone lineage in osteoporotic bone 
marrow and with aging.(22,23) These links between lipids, 
vascular disease, and bone suggest the novel hypothesis that 
oxidized lipids are the biological link. 

'Division of Cardiology, University of California, Los Angeles School of Medicine, Los Angeles, California, USA. 
2The Jackson Laboratory, Bar Harbor, Maine, USA. 
'Division of Nephrology, University of California. Los Angeles School of Medicine, Los Angeles, California, USA. 
■"Departments of Medicine and Physiology, University of California, Los Angeles School of Medicine, Los Angeles, California, USA. 
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In this study, effects of a high-fat atherogenic diet versus 
control chow diet on bone mineral content (BMC) and 
BMD were tested in two strains of mice with genetically 
different susceptibility to oxidized lipids and atherogenesis. 
In 1985, Paigen et al. showed differences in the suscepti- 
bility of two inbred strains of mice to development of 
hyperlipidemia and atherosclerotic lesions when fed an 
atherogenic diet(24-25); C3H/HeJ were identified as a resis- 
tant strain and C57BL/6 as a sensitive strain. Several years 
later, Liao et al. reported the induction of inflammatory 
genes by an atherogenic diet in the C57BL/6 but not in the 
C3H/HeJ strain/26» and Navab et al.(27) and Shih et al.(28) 

found differences in the antioxidant defense systems be- 
tween the susceptible and resistant mouse strains. In the 
present study, we have compared the susceptibility and 
resistance of these two strains of mice to the effects of 
high-fat diet-induced hyperlipidemia on bone. We report 
that in the atherosclerosis-susceptible C57BL/6 mice, BMC 
and BMD were significantly lowered by the high-fat diet 
versus chow diet. These changes were smaller in the 
atherosclerosis-resistant C3H/HeJ mice. In addition, mar- 
row cells from the high-fat-fed C57BL/6 mice showed 
reduced osteocalcin expression. 

Altogether these results suggest that oxidized lipids ad- 
versely affect bone by inhibiting östeoblastic differentia- 
tion. If applicable to humans, these studies may result in 
new therapeutic approaches to osteoporosis. 

density. Estimates of measurement precision of mineral and 
volume of femurs and vertebrae were obtained from the 
middiaphyseal shaft of a B6C3H-F1 femur and from the 
midbody scans of a B6C3H-F1 L5 vertebra. Six replicate 
measurements for each bone yielded average values of 1.6, 
2.1, and 2.8% for femoral density, mineral, and volume, 
respectively, and 3.2,5.9, and 4.7% for L5 vertebral density, 
mineral, and volume, respectively. 

Femurs were scanned full length at 2-rara intervals with a 
resolution of 0.100 mm/voxel, yielding eight 1-mm-thick 
cross-sections representing eight axial levels of the femur. 
Vertebrae were scanned full length at 0.7-mm intervals with 
the same resolution, yielding three to four 1-mm-thick 
cross-sections. The center-most scan (based on image mor- 
phology) or the mean of two scans sharing the center 
position was selected for data analyses. 

Marrow isolation 

After 4 months on the diets, mouse marrow cells were 
isolated from both femurs from 2 animals in each group as 
previously described.'21,29-30' Marrow from both femurs was 
pooled for each animal and RNA was isolated and analyzed 
separately by reverse-transcriptase polymerase chain reac- 
tion (RT-PCR). RNA was isolated as previously described 
using the RNA isolation kit from Stratagene (La Jolla, CA, 
USA)/28) 

MATERIALS AND METHODS 

Mice and diets 

At 1 month of age, male C57BL/6 (atherosclerosis- 
susceptible strain) and C3H/HeJ (atherosclerosis-resistant 
strain) mice (The Jackson Laboratory, Bar Harbor, ME, USA) 
were placed on either a control chow diet (National Institutes 
of Health [NIH]-31 Mouse/Rat Diet 7013 containing 6% fat) 
or a high-fat (atherogenic) diet (Teklad TD90221; Harlan Tek- 
lad, Madison, WI, USA; including 1.25% cholesterol, 15.8% 
fat, and 0.5% cholate). This atherogenic diet has been found to 
cause significant hypercholesterolemia in C57BL/6 mice/24-25' 
Femurs and lumbar vertebrae were harvested from 8 animals 
after 4 months and 14 animals after 7 months. The bones were 
cleared of soft tissue and fixed in 95% ethanol. 

Quantitative computed tomographic scanning 

Peripheral quantitative computed tomographic (pQCT) 
scans were performed on individual bones (left femur, L4 
vertebrae) from each mouse. Scanning was done with a 
STRATEC XCT 960M unit (Norland Medical Instruments, 
Ft. Atkinson, WI, USA) specifically configured for small 
bone specimens. Mineral thresholds were set at 1.30 for 
low-density bone and 2.00 for high-density bone. These 
thresholds excluded mouse fat, water, muscle, and tendon 
from true bone. Daily calibration was performed with a 
manufacturer-supplied phantom (hydroxyapatite in Lucite) 
of defined density. Calibration with a set of known hydroxy- 
apatite standards (0.05-1000.0 mg/mm3) yielded a correla- 
tion of 0.998 with XCT 960M estimation of volumetric 

RT-PCR 

RNA in 3-/xg quantities was reverse-transcribed, and PCR 
was performed using primers as described previously/31' Ther- 
mal cycling was carried out for 21 cycles (glyceraldehyde-3- 
phosphate dehydrogenase [GAPDH]) or 34 cycles (osteocal- 
cin) at 60°C annealing temperature for both GAPDH and 
osteocalcin. Amplified fragments were isolated on a 6% poly- 
acrylamide gel (29:1 acrylamide to bis-acrylamide), and the 
autoradiographs were scanned with an AGFA ARCUS U scan- 
ner and semiquantitated with NIH Image software, version 
1.59, public domain program (National Institutes of Health, 
Bethesda, MD, USA). 

Lipoprotein preparation and oxidation 

Human LDL was isolated by density-gradient centrifuga- 
tion of serum and stored in phosphate-buffered 0.15 M NaCl 
containing 0.01% EDTA. MM-LDL was prepared by iron 
oxidation of human LDL as previously described/20' Min- 
imal oxidation of LDL resulted in a 2- to 3-fold increase in 
conjugated dienes and 2-3 nmol of thiobarbituric acid re- 
active substances per milligram of cholesterol after dialysis. 
The concentrations of lipoproteins used in this study are 
reported in micrograms of protein. The pre- and postoxida- 
tion lipopolysaccharide levels in these lipoprotein prepara- 
tions were <30 pg/ml. 

Statistical analysis 

Differences in BMC and BMD were assessed using Stu- 
dent's two-tailed f-test, allowing for unequal variances and 
unequal sample sizes where appropriate. 
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TABLE 1. QCT BONE PARAMETERS FOR FEMURS FROM C57BL/6 MICE AFTER 7 MONTHS ON A 
CONTROL CHOW OR HIGH-FAT DIET 

Chow versus Chow versus 
Mineral content (mg) high fat 

P 

Mineral density (mg/mnr'j high fat 

Slice Chow High fat Chow High fat P 

1 2.29 ± 0.82 0.74 ±0.19 0.002 0.502 ± 0.05 0.441 ± 0.04 0.01 
2 1.05 ±0.21 0.53 ± 0.20 0.001 0.365 ± 0.05 0.355 ± 0.05 0.70 
3 1.02 ±0.08 0.77 ±0.10 0.0001 0.447 ± 0.05 0.400 ± 0.06 0.02 
4 0.99 ± 0.07 0.72 ± 0.06 0.0003 0.440 ± 0.02 0.391 ±0.02 0.05 
5 1.19 ±0.14 0.78 ± 0.07 <0.0001 0.520 ± 0.04 0.410 ± 0.03 0.01 
6 1.26 ±0.12 0.86 ±0.10 <0.0001 0.573 ± 0.04 0.465 ± 0.05 <0.0001 
7 1.32 ±0.16 0.75 ±0.19 0.0008 0.515 ±0.05 0.416 ± 0.04 0.1 
8 1.13 ±0.43 0.71 ±0.31 0.001 0.538 ± 0.03 0.476 ± 0.05 0.01 

Mean ± SD 1.28 ±0.42 0.73 ± 0.09 0.008 0.488 ± 0.07 0.419 ± 0.04 0.03 

Scans were performed at 8 longitudinal axis positions (slices) for each femur with 1 being most proximal and 8 most distal. Values 
of BMC and BMD are expressed as mean ± SD over all animals in each diet group. 

TABLE 2. QCT BONE PARAMETERS FOR FEMURS FROM C3H/HeJ MICE AFTER 7 MONTHS ON A 

CONTROL CHOW OR HIGH-FAT DIET 

Chow versus Chow versus 
Mineral content (mg) high fat 

P 

Mineral density (mg/mm3) high fat 

Slice Chow High fat Chow High fat P 

1 2.73 ± 0.79 2.00 ± 0.84 0.12 0.596 ± 0.06 0.542 ± 0.06 0.11 
2 1.60 ± 0.24 1.26 ± 0.15 0.01 0.510 ± 0.06 0.426 ± 0.06 0.016 
3 1.72 ± 0.16 1.40 ± 0.13 0.002 0.800 ± 0.03 0.720 ± 0.05 0.005 
4 1.88 ± 0.24 1.66 ±0.16 0.07 0.883 ± 0.07 0.909 ± 0.03 0.39 
5 2.01 ± 0.18 1.73 ± 0.16 0.009 0.853 ± 0.03 0.846 ± 0.02 0.63 
6 2.28 ± 0.27 2.06 ±0.14 0.09 0.922 ± 0.06 0.911 ±0.02 0.68 
7 2.01 ± 0.41 1.95 ±0.15 0.75 0.694 ±0.11 0.807 ± 0.09 0.05 
8 1.47 ± 0.40 1.55 ± 0.21 0.67 0.612 ± 0.07 0.562 ± 0.04 0.15 

Mean ± SD 1.96 ± 0.40 1.70 ± 0.29 0.59 0.734 ±0.15 0.715 ±0.19 0.26 

Scans were performed at 8 longitudinal axis positions (slices) for each femur with 1 being most proximal and 8 most distal. Values 
of BMC and BMD are expressed as mean ± SD over all animals in each diet group. 

RESULTS 

Femoral BMC and BMD 

After 4 months, femoral BMD was significantly lower in 
fat-fed C57BL/6 mice at three of the eight levels scanned (p < 
0.04; from 0.488 ± 0.038 mg/mm3 to 0.423 ± 0.043 mg/ 
mm3). All three levels were in the middiaphyseal region where 
variance caused by anatomic complexity is minimized. BMC 
was not significantly different between the two groups. 

After 7 months, femoral BMC was significantly lower in 
fat-fed C57BL/6 mice compared with control chow-fed 
mice at all eight levels scanned. Mean mineral content was 
lowered 43% (from 1.28 ± 0.42 mg to 0.73 ± 0.09 mg; p < 
0.002; Table 1) on the high-fat diet. Changes in mineral 
content were most significant (p :£ 0.0003) at the four 
middiaphyseal levels (scans 3-6). Femoral mineral density 
was also significantly lower in fat-fed C57BL/6 mice com- 
pared with chow-fed mice at six of eight levels, with a 
14.5% mean difference (from 0.488 ± 0.066 mg/mm3 to 
0.419 ± 0.035 mg/mm3; p = 0.03; Table 1). 

In C3H/HeJ mice, which are resistant to the atherogenic 
effects of a high-fat diet and lipid oxidation products/24,25' 
the high-fat diet had less effect on bone mineralization. 
After 4 months on the diet, C3H/HeJ mice showed no 
significant difference in femoral BMC at any of the eight 
levels examined (data not shown); BMD was significantly 
lower at one of eight scanned sites (p = 0.01). 

After 7 months on the diet, the fat-fed C3H/HeJ mice had 
significantly (p ^ 0.01) lower BMC compared with chow- 
fed mice at only three of eight levels (Table 2). However, 
the overall mean difference for all eight levels did not reach 
statistical significance (p = 0.59). There also was no sig- 
nificant effect of the high-fat diet on femoral mineral den- 
sity (p = 0.26; Table 2). 

Lumbar vertebral mineral content and mineral density 

At 4 months, there was no significant difference between 
chow and high-fat diet groups in either vertebra] mineral 
content or density in either mouse strains. However, at 7 
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TABLE 3. QCT BONE PARAMETERS FOR L4 VERTEBRAE FROM C57BL/6 AND C3H/HeJ MICE AFTER 7 MONTHS 
ON A CONTROL CHOW OR HIGH-FAT DIET 

Total bone Cortical bone 

Mineral content (mg) Mineral density (mg/mm ) Mineral content (mg) Mineral density (mg/mm3) 

Chow High fat Chow High fat Chow High fat Chow High fat 

C57BL/6 
1.20 ±0.10     0.77 ±0.10     0.229 ±0.02     0.212 ± 0.03     0.317 ±0.08     0.088 ± 0.05 0.455 ± 0.01     0.445 ± 0.01 
p              <0.001                                     0.30                                        <0.001 0.09 

C3H/HeJ 
1.41 ±0.35      1.31 ±0.14     0.248 ±0.03     0.217 ± 0.01     0.624 ± 0.25     0.445 ±0.13 0.481 ± 0.02     0.474 ± 0.01 
p                 0.49                                       0.03                                          0.12 0.48 

Values are for the central slice or slices for each of the L4 vertebrae and are expressed as mean ± SD over all animals in each diet 
group. 

months, vertebral mineral content was significantly lower in 
the C57BL/6 fat-fed mice (Table 3). Total mineral content 
of the central section or sections was lower by a mean of 
35% (from 1.2 ± 0.1 mg to 0.77 ± 0.1 mg; p < 0.001), 
primarily because of changes in high-density cortical bone 
(i.e., a 72% decrease). Total mineral density decreased 7% 
on the high-fat diet, but this change was not statistically 
significant. In C3H/HeJ mice, a 7% decrease in total mineral 
content was found, as well as a 29% decrease in cortical 
mineral content. These changes did not reach statistical 
significance. Total mineral density of vertebrae from C3H/ 
HeJ mice decreased 12.5% on the high-fat diet (from 
0.248 ± 0.03 to 0.217 ± 0.01 mg/mm3; p = 0.03). 

Gene expression in marrow cells 

After 4 months on the high-fat or chow diets, the marrow 
isolated from 2 C57BL/6 mice on each diet was analyzed 
for the expression of three markers of osteoblastic differen- 
tiation: alkaline phosphatase, bone sialoprotein, and osteo- 
calcin. All three markers were expressed by the marrow 
cells. Of the three, only osteocalcin expression was affected 
by diet, showing a 35% reduction with the high-fat diet 
when normalized to GAPDH values (Fig. 1). 

DISCUSSION 

The present study is the first to show that 7-month treat- 
ment with an atherogenic high-fat diet lowers BMD and 
BMC in vivo in atherosclerosis-susceptible C57BL/6 mice, 
with much smaller effects in the atherosclerosis-resistant 
C3H/HeJ mice. The atherogenic diet resulted in a signifi- 
cantly lower femoral mineral content and femoral mineral 
density in the C57BL/6 mice. Smaller changes were seen in 
the C3H/HeJ mice. The differential effects of the athero- 
genic diet on bones in the two strains of mice are similar to 
the effects of that diet on the development of atherosclero- 
sis. Previous reports showed differences in genetically 
determined factors in response to diet-induced hyperlipid- 
emia and lipid oxidation in these mouse strains to be the 

CHOW   HIGH FAT 

OSTEOCALCIN 

GAPDH 

FIG. 1. Effects of a high-fat diet on osteocalcin expres- 
sion in marrow cells. One-month-old C57BL/6 mice were 
placed on a high-fat or chow diet for 4 months. The animals 
were killed and femoral marrow was isolated from each 
mouse and used to isolate total RNA. RT-PCR analysis 
showed an expected size band of 360 base pairs (bp). 
Expression of GAPDH was used for normalization. Each 
lane represents RNA isolated from an individual mouse. 

underlying reason for their degree of susceptibility to ath- 
erosclerosis. These differences include: (1) the level of 
induction of inflammatory genes such as monocyte chemo- 
tactic protein-1, colony-stimulating factors, heme oxygen- 
ase, and serum amyloid A and activation of nuclear factor 
KB (NFKB) transcription factor in response to atherogenic 
diet<26'27,32> and (2) the ability of high-density lipoprotein 
(HDL) to protect against the effects of atherogenic diet, 
because of variability in the level of antioxidant enzyme 
paraoxonase.<28) The latter difference is important in light of 
the observation that the protective effect of HDL appears to 
correlate inversely with atherosclerosis,'33' and a direct cor- 
relation between HDL levels and BMD in fat-fed mice has 
been shown (T. Drake, University of California, Los Ange- 
les [UCLA], Department of Pathology, personal communi- 
cation, 1999). It is intriguing to speculate that similar ge- 
netically regulated factors, involved with defense against 
atherogenic oxidized lipids, also determine susceptibility to 
osteoporosis. 

Because femoral mineral content was more substantially 
changed by the atherogenic diet than mineral density, the 
effect may be caused by quantitatively less bone formation 
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and/or shorter bones in the high-fat-fed mice. Although we 
did not measure femoral size after 7 months in this study, in 
a separate study, we found no significant change in the 
femoral or tibial length between chow-fed versus high-fat- 
fed C57BL/6 mice after 4 months on the diet ( F. Parhami, 
unpublished observations, 1999). Because our previous in 
vitro and in vivo studies showed inhibition of osteoblastic 
differentiation and bone formation by marrow stromal cells 
isolated from C57BL/6 mice on the high-fat diet versus 
chow diet, we speculate that bone formation is inhibited by 
the atherogenic diet. More direct future studies will further 
validate this speculation. It is important to note that the mice 
used in the present study were in their growing stage when 
peak bone mass is achieved. Inhibition of bone formation 
during growth stage also would have adverse consequences 
by reducing peak bone mass. The reducing effects of the 
dietary fat on BMC and BMD would translate into a reduc- 
tion in this important determinant of bone strength. 

The present results also suggest that increased dietary 
lipids interfere with osteoblast maturation in vivo, based on 
dietary inhibition of osteocalcin messenger RNA (mRNA) 
expression. Although the effect of the high-fat diet on the 
expression of osteocalcin alone is not sufficient to draw 
definitive conclusions about differentiation of osteoblasts, 
this inhibition is consistent with previous ex vivo evidence 
that exposure to a high-fat diet reduced marrow preosteo- 
blastic maturation in culture/20 as well as in vitro evidence 
that lipid and lipoprotein oxidation products inhibit osteo- 
blast differentiation and function.*20'21? Previous studies us- 
ing the same atherogenic diet in C57BL/6 mice have shown 
2- to 3-fold increases in cholesterol levels after 3-4 weeks 
on this diet, as well as a significant drop in the HDL 
levels/24'25' We therefore speculate that the adverse effects 
of the high-fat diet on bone in the C57BL/6 mice are caused 
by dyslipidemia and subsequent increases in lipid oxidation. 
The diet-induced hyperlipidemia in circulation further trans- 
lates into increased lipid accumulation in highly vascular 
tissues and the artery wall because of the diffusion of 
lipoproteins across the vascular endothelium. Once apart 
from the protective, antioxidant environment of serum, 
these lipoprotein particles are oxidized further into biolog- 
ically active forms responsible for inflammatory processes 
in atherosclerosis and vascular calcification/19,20) Because 
bone and marrow are both vascularized, circulating lipids 
can access both sites of active bone remodeling where 
osteoprogenitor cells are present: (1) the subendothelial 
space of the osteons and (2) the marrow stroma at the 
trabecular surface or endosteum. Lipid accumulation'34' and 
monocyte accumulation and plaquing'35' have been ob- 
served in the vessels of osteons in osteoporotic and aging 
bone. The presence of circulating lipoproteins in the marrow 
is expected because marrow is a site for clearance of chy- 
lomicrons and chylomicron remnants derived from dietary 
fat/36' and dietary fat has been found to alter the lipid profile 
in the marrow/37' Thus, lipid oxidation products may un- 
derlie the paradoxical association of cardiovascular disease 
with osteoporosis. 

The findings in the present report are consistent with a 
preliminary report showing a significant correlation be- 
tween dietary cholesterol intake and vertebral bone loss in 

women/ ' as well as with population studies showing an 
association of cholesterol levels with osteoporosis in wo- 
men"3' and, preliminarily, in men/39' Recent evidence 
suggests that 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase inhibitors (statins), lipid-lowering 
agents commonly used to treat cardiovascular disease, have 
potent positive effects on bone formation in rodents/40' 
and  statin  therapy   in  humans  correlates  with  reduced 
osteoporosis (41-45) Although the mechanism is proposed to 
be a direct stimulation of osteoblasts, an equally likely 
mechanism is an indirect effect through lipid-lowering, 
given that the dominant site of action of these agents, in 
both humans and rodents/46' is in the liver where statins are 
mostly cleared from circulation. 

Evidence suggests that the atherogenic nature of the high- 
fat diet is essential for effects on bone. Wohl et al. previ- 
ously showed a minimal effect on BMC of a noncholesterol, 
8% fat diet in adult roosters.'47' Because cholesterol feeding 
is necessary to induce atherosclerosis in roosters/48' this 
finding suggests that a nonatherogenic high-fat diet is not 
sufficient to induce bone changes. 

Collectively, these observations suggest the adverse ef- 
fects of lipids on bone. The possibility that lipid oxidation 
products are the biologically active factors linking a high-fat 
diet with reduced bone formation is supported by the finding 
of substantially reduced effects in mice that are resistant to 
the effects of oxidized lipids and by the anabolic effects of 
the antioxidant vitamin E on bone/49' Because cardiovas- 
cular disease is the highest risk cause of death for patients 
with osteoporotic fracture'4,5' and low BMD is associated 
with mortality independent of fractures/50' elucidation of 
common lipid- and lipid oxidation-mediated mechanisms 
has great importance for identifying new preventive mea- 
sures for both osteoporosis and cardiovascular disease. The 
possibility that high lipid levels are a common underlying 
factor in atherosclerosis and bone loss may explain the 
epidemiological evidence for correlation between cardio- 
vascular disease and osteoporosis. 
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Comparison of Bone Formation Responses to Parathyroid 
Hormone(l-34), (1-31), and (2-34) in Mice 
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In this study we used a mouse model system to compare the 
in vivo effects of parathyroid hormone(l-34) [PTH(l-34)] 
with that of PTH(1-31) or PTH(2-34) analogs. Daily subcu- 
taneous administration of PTH(l-34) for 15 days caused a 
dose-dependent increase in the serum osteocalcin level and 
bone extract alkaline phosphatase activity, markers of bone 
formation. PTH(2-34) was much less potent, whereas PTH(l- 
31) was equipotent in stimulating bone formation parameters 
in mice. PTH(l-34) caused significant increases in serum 
calcium (after 4 h) and tartrate-resistant acid phosphatase 
activity in bone extract (after 4 h), whereas PTH(2-34) and 
PTH(1-31) were less potent. Because PTH(1-31) caused a 
smaller increase in bone resorption parameters compared to 
PTH(l-34), despite similar effects on bone formation param- 
eters, we evaluated the long-term anabolic effects of PTH(1- 
31) and PTH(l-34) in mice. Weekly evaluations of serum 
osteocalcin   levels  demonstrated   that  daily   injections   of 
PTH(l-34) and PTH(1-31) at 80 u.g/kg body weight increased 
serum osteocalcin levels within 1 week of the start of treat- 
ment, which were maintained during the entire 22 week 
treatment. Assessment of bone density at the end of the 
treatment period with peripheral quantitated computed to- 
mography (pQCT) revealed that PTH(l-34) caused a signif- 
icantly greater increase in femoral bone density compared to 
PTHÜ-31) at the middiaphysis (18% vs. 9% over vehicle 
control; p  < 0.001). Both PTH(l-34) and PTH(1-31) in- 
creased periosteal circumference compared to vehicle (p < 
0.01) without a significant difference between the two treat- 
ments. In contrast, PTH(l-34) caused a significantly greater 
reduction in endosteal circumference than PTH(1-31) (p < 
0.001). Both analogs significantly increased maximum load 
and area of moment of inertia over the vehicle group. In 
conclusion, our findings suggest that PTH(l-34) and PTH(1- 
31) may exhibit different anabolic effects at the periosteum 
vs. endosteum in the long bones of mice. (Bone 27:471-478; 
2000)    © 2000 by Elsevier Science Inc. All rights reserved. 

Key Words: Bone formation; Bone resorption; Bone strength; 
Osteoblasts; Parathyroid hormone (PTH) analogs; PTH 
signaling. 
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Introduction 

Osteoporosis is a disease characterized by low bone mass and 
microarchitectural deterioration of bone tissue that leads to 
increased bone fragility and consequent increased risk of frac- 
tures.235 Studies on the pathogenesis of osteoporosis have re- 
vealed that osteoporosis occurs mainly because of: (1) low peak 
bone density, which occurs at the end of sexual maturity; and (2) 
increased bone resorption that occurs as a result of estrogen 
deficiency, not compensated by a corresponding increase in bone 
formation.235 Currently available therapies for the treatment of 
osteoporosis are based on inhibition of bone resorption to prevent 
further bone loss. Because many osteoporotic patients who come 
for treatment have already lost a substantial amount of bone, 
there is a need for developing treatments that increase bone mass 
by stimulating new bone formation. Of the potential candidates 
for anabolic therapies for osteoporosis, parathyroid hormone 
(PTH) has received much attention in the recent years based on 
the findings that intermittent treatment with PTH causes a sig- 
nificant increase in bone mass in animals and humans, improves 
mechanical strength, and preserves trabecular bone connectivity 

.       . J.     f      f" ,     •- 23.24.26,27,30,31,34,40,52 
in an animal model of osteoporosis. 

The osteoblasts are the primary target cells for the anabolic 
effects of PTH on bone tissue. Effects of PTH on osteoblasts are 
known to be mediated via binding of PTH to the seven-membrane- 
spanning G-protein-coupled receptor and activation of both the 
3,5-cyclic adenosine monophosphate (cAMP)-dependent protein 
kinase A (PKA) pathway and the phospholipase C (PLC)-dependent 
protein kinase C (PKC) pathway.20 Although the mechanisms of the 
anabolic action of PTH are still not totally understood, stimulation 
of cAMP production has been shown to be involved, based on 
previous in vivo studies using the N-terminal-truncated PTH frag- 
ment, which lacks PKA activity.1-5"'-20-37 The involvement of the 
PKC pathway in mediating the anabolic effects of PTH is contro- 
versial.'0'12-13-19'39-44-46-50'51 To elucidate the signaling pathways 
for the anabolic effects of PTH on bone, aminoterminal- and 
carboxyterminal-truncated PTH analogs have been used frequently 
based on previous findings that some of these analogs activate one 
but not both of the signaling pathways.1-51620-37 In this regard, it is 
fairly well established that PTH(2-34) is much less potent than 
PTH0-34) in stimulating adenylate-cyclase activity.1-5 However, 
the issue of whether or not PTH(1-31) can activate PLC/PKC 
activity with a potency similar to that of PTH(1 -34) is controversial 
at this time, based on recent findings.101219-44-46 Much less is also 
known about the involvement of the PKC pathway in mediating the 
bone resorbing effects of PTH. 

Earlier studies on the in vivo effects of PTH have most often 
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utilized ovarieclomized rats as the experimental model system. 
Although the mouse model has been used extensively in trans- 
genic overcxpression and knockout studies, little is known about 
the anabolic effects of PTH in mice. Therefore, we investigated 
the effects of PTH(l-34) on bone formation and bone resorption 
parameters in mice and found that PTH increased both bone 
formation and resorption, as shown in humans. We next evalu- 
ated the relative contribution of PKA- and PKC-signaling path- 
ways in mediating the bone forming and bone resorbing effects 
of PTH by comparing the in vivo effects of PTH( I -34) with those 
of PTH(2-34) and PTH(1-3I). Finally, the long-term effects of 
PTH(l-34) and PTH(I-31) on bone density and bone strength 
were evaluated. 

Materials and Methods 

Materials 

PTH(l-34), PTH(2-34), and PTH(1-3I) were synthesized as 
amides by SynPep (Dublin, CA). The purity of all three analogs 
was >95% by amino acid analysis and mass spectrometry. The 
calculated molar concentrations of 40 jig PTH(l-34), PTH(1- 
31), and PTH(2-34) were 9.7, 10.7, and 9.9 nmol/L, respectively. 
Adult female Swiss/Webster mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME). Antibodies to mouse 
osteocalcin were produced in our laboratory. Mouse osteocalcin 
standard and tracer were purchased from Biomedical Technolo- 
gies (Stoughton, MA). 

Animals and Treatment 

Six- to 8-week-old Swiss/Webster mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME) and maintained at the 
Animal Research Facility of the Jerry L. Pettis VA Medical 
Center (Loma Linda, CA) for 7-10 days prior to the start of the 
experiment. They were housed in a room maintained at 20°C on 
a 12 h light/12 h dark cycle and fed ad libitum with standard 
rat/mouse diet containing normal calcium. The animals were 
given daily subcutaneous injections of vehicle (phosphate-buff- 
ered saline [PBS]) or PTH(l-34), PTH(2-34), or PTH(1-31). 
PTH was prepared in PBS prior to administration. Twenty four 
hours after the last injection, blood and femurs were collected 
and used for various analyses. Study procedures were approved 
by the institutional animal research subcommittee at the Jerry L. 
Pettis VA Medical Center. 

Bone Densitometry 

Bone mineral density (BMD) of left femur was measured by 
peripheral quantitative tomography (pQCT) using a pQCT sys- 
tem (Stratec XCT 960M) with version 5.20 software (Norland, 
Madison, WI). Total BMD was calculated at the middle diaph- 
ysis as described elsewhere.3-™ Trabecular density was deter- 
mined at the distal metaphysis. The precision for total bone 
density is 1.2%. 

Mechanical Testing 

After pQCT measurements, the samples were subjected to me- 
chanical testing using a Model 8841 mechanical tester (Instron, 
Canton, MA). Three-point bending strength was measured at the 
middiaphysis. The bone was placed horizontally with the anterior 
Surface upward, centered on the supports, and the pressing force 
was directed vertically to the midshaft of the bone. Each bone 
was compressed at a constant rate of 2 mm/min until failure. 
Breaking force was defined as bending load at failure. Stiffness 

was calculated as the slope of the linear (elastic) part of the 
load-displacement curve. Stress (CT) and elastic or Young"s mod- 
ulus (£) were calculated as previously described.17 Maximal 
stress was defined as stress at breaking force. 

Biochemical Assays 

Serum. Osteocalcin levels were measured by radioimmunoassay 
(RIA) using rabbit antimouse osteocalcin antiserum and purified 
mouse osteocalcin as standard and tracer.36 The sensitivity of the 
mouse osteocalcin assay was 0.5 ng/mL and intra- and interassay 
variations were <8%. A recently developed enzyme-linked im- 
munoassay (ELISA) was used to measure serum C-telopeptide 
levels.43 Serum calcium levels were measured by a colorimetric 
assay.4 

Bone. Alkaline phosphatase (ALP, a potential measure of 
bone formation) and tartrate-resistant acid phosphatase (TRAP, 
potential measure of bone resorption) activities were measured in 
bone extracts by previously established methods.636 

Statistical Analysis 

Six to nine animals were used for each treatment group. Values 
are expressed as mean ± SEM. Multiple comparisons between 
treatment groups were made by Fisher's protected least signifi- 
cant difference method (post hoc test) with a one-way analysis of 
variance (ANOVA). The Student's r-test was used for compari- 
sons between the two groups. 

Results 

PTH(I-34) Effects on Bone Formation and Bone Resorption 
Parameters in Mice 

Daily subcutaneous injections of PTH(l-34) at 80 and 160 u-g/kg 
caused a significant increase in serum osteocalcin levels as 
compared with the control group. Statistically significant in- 
creases in serum osteocalcin levels occurred as early as day 5, 
with maximum increases occurring at day 10 (Figure la). 
PTH(l-34) treatment also caused a dose-dependent increase in 
ALP activity in the femoral bone extract. A maximal increase in 
ALP activity of 100% over control was seen at a dose of 160 
p-g/kg per day (Figure lb). PTH-induced increases in serum 
osteocalcin and bone ALP activity in mice are consistent with 
previous reports in humans and rats that PTH treatment causes an 
acute increase in bone formation. 

To determine if PTH treatment causes an acute increase in 
bone resorption in mice, we measured serum calcium levels and 
TRAP activity in the femoral bone extract. At 4 h after injecting 
PTH at a dose of 320 u.g/kg, serum calcium concentration was 
increased to 121 ± 7% of control (p < 0.05). Serum calcium 
concentration was not statistically different from the control 
group at other timepoints (Figure lc). The TRAP activities of the 
bone extract from mice treated with 80 and 160 u.g/kg PTH for 
10 days were significantly higher than the control group (Figure 
Id). 

Effect of PTH Analogs on Bone Formation and Bone 
Resorption Parameters in Mice 

To investigate the role of the PKA pathway in the bone forming 
effects of PTH, mice were injected with two different doses (80 
and 800 u-g/kg) of PTH(2-34), an analog with reduced cAMP 
activity. Treatment of mice with 80 u.g/kg PTH(l-34), but not 
PTH(2-34), caused significant increases in serum osteocalcin and 



Bone Vol. 27. No. 4 
October 2000:471-478 

S. Mohan et al. 
PTH effects in bone on mice 

473 

800 

"Sb 700 

'a 600 

a 500 

400 

300 

(a) 

*=P<0.01 
**=P<0.001 

* ST 

-** 160jig/kg 

I**000*"* 
S, 80 (ig/kg 

~"~"---~-» 40fig/kg 

^~~__^^ Vehicle 

J^ 

Q. S 40 

if 
DO 3 30 

10 
Time fttays) 

15 20 
(b) 

40 80 160 
PTH(l-34) (/ig/kg) 

320 

200 

E I  150 

E S 

Time(hr) 

CQ 

(d) 

100 

PTH(l-34) (/ig/kg) 

Figure 1 (a) Dose and time effects of PTH(l-34) on serum osteocalcin levels in mice. Swiss/Webster mice were injected subcutaneously each day with 
various doses (40 80 and 160 u.g/kg) of PTH subcutaneously. Vehicle (PBS) was used as a control. At 5, 10, and 15 days, one group (n - 9) of mice 
for each dose was killed and blood samples were collected for osteocalcin measurements. One group was killed at the begmning of the experiment for 
use as a baseline group *p < 0.01 vs. baseline; **p < 0.001 vs. baseline, (b) Effect of PTH(l-34) treatment on ALP activity in the femoral bone extract 
of mice Swiss/Webster mice (n = 8) were treated with various doses (40, 80, 160, and 320 jig/kg) of PTH for 15 days. ALP activity was extracted 
from the femurs with 0 1 % Triton X-100 and used for measurement of ALP activity. 'p < 0.01 vs. vehicle-treated control group, (c) Effect of PTH( 1 -34) 
treatment on serum calcium levels in mice. Mice were treated with PTH (320 u.g/kg) or vehicle. At 4, 12, and 24 h (n = 6) after treatment, animals 
were killed and blood was collected and used for calcium measurements, "p < 0.01 vs. baseline; (d) Effect of PTH(l-34) treatment on TRAP activity 
in the femoral bone extract of mice. Mice were treated for 10 days with daily subcutaneous injections of vehicle or with various doses (40, 80, and 160 
(jig/kg) of PTH (n = 6) prior to determination of TRAP activity in the skeletal extracts, 'p < 0.01 vs. vehicle group. 

bone ALP activity. PTH(2-34) at 800 u.g/kg caused significant 
increases in serum osteocalcin and bone ALP activity compared 
with control (Figure 2a). These data suggest that cAMP activity 
may be essential for the bone forming effects of PTH in mice. 

To investigate the role of PKC in the bone forming effects of 
PTH, mice were injected with various doses (40, 80, or 160 
fig/kg) of PTH( 1-31) daily for 10 days prior to serum osteocalcin 
and bone ALP determinations. Figure 2b shows that PTH(1-31) 
increased serum osteocalcin and bone ALP activity in a dose- 
dependent manner. Comparison of dose effects of PTH(l-34) and 
PTH(1-31) on serum osteocalcin and bone ALP activity revealed 
no significant difference between the two treatment groups 
(Figures la, lb, and 2b). 

To evaluate the role of PKA- and PKC-signaling pathways on 
the bone resorbing effects of PTH, mice were treated with either 
PBS or PTHO-34), PTH(2-34), or PTH(1-31) at various doses 
(40-800 M-g/kg) and used for biochemical measurements of bone 
resorption at 4 h after injection. All three analogs increased 
serum calcium at high doses (Figure 2c). PTH(l-34) was much 
more potent than PTH(1-31) or PTH(2-34) in increasing serum 
calcium levels. Consistent with these data we found that PTHO- 
34) was more potent than the other two analogs in increasing 
TRAP activity in the femoral bone extracts. Figure 2d shows that 
PTHO-34) at 320 u.g/kg increased TRAP activity to 265% of 
control, whereas PTH0-3I) and PTH(2-34) at 320 and 400 
u.g/kg, respectively, increased TRAP activity to 146% of control. 

In contrast to TRAP activity, ALP activity was not different in 
any of the treatment groups at 4 h after a single injection. 

Long-term Effects of PTH(I-34) and PTH(I-3I) in Mice 

To examine if the bone forming effect of PTH persists over a 
long period of time, mice were treated daily with vehicle, 
PTHO-34), or PTH(1-31) at a dose of 80 u.g/kg for 22 weeks. 
Blood samples were collected weekly through tail bleeding and 
used for serum osteocalcin determinations. Both PTHO-34) and 
PTH0-31) increased serum osteocalcin levels to a maximum 
within 2 weeks of the start of treatment (Figure 3a). The 
increases in serum osteocalcin levels were maintained during the 
entire treatment period. There was no significant difference in the 
serum osteocalcin level between the PTH(l-34) and PTH(1-3I) 
groups. In contrast to serum osteocalcin, serum C-telopeptide 
level was increased significantly at the end of the experimental 
period in PTH(l-34)-treated, but not PTH(l-3l)-treated, mice 
compared to vehicle-treated control mice (Figure 3b). These data 
suggest that long-term treatment with PTH does not induce 
resistance in mice. 

PTHO-34) and PTH( 1-31) treatments increased dry weight of 
the femur by 22% and 16%, respectively, compared to the 
vehicle-treated group (Table 1). Femur length was not signifi- 
cantly different between the treatment groups. Total bone density 
at the middiaphysis was increased by 18%, in the PTHO-34)- 
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Figure 2. (a) Effect of PTH(2-34) on serum osteocalcin and ALP activity in the femoral bone extract of mice. Mice were injected with two different 
doses (80 and 800 u.g/kg) of PTH(2-34). an analog with reduced cAMP activity. PBS and PTH(l-34) were used as controls (n = 6) At day 10 serum 
osteocalcin and bone ALP activity were measured, "p < 0.01 vs. vehicle group; "p < 0.01 vs. PTH(2-34) at a similar dose, (b) Effect of PTHH-31) 
on serum osteocalcin and ALP activity in the femoral bone extract of mice. Mice were injected with various doses (40, 80 and 160 u,g/kg) of PTH( 1 -31) 
daily for 10 days prior to serum osteocalcin and bone ALP determinations (n = 6). 'p < 0.01 vs. vehicle group, (c) Effect of PTH analogs on serum 
calcium levels in mice. Mice were treated with either PBS or PTH(l-34), PTH(2-34), or PTH(I-31) at the doses indicated (n = 6) Four hours after 
injection, mice were killed and serum samples were used for calcium determinations, 'p < 0.01 vs. vehicle group- bp < 0 01 vs 400 u.g/k» PTH(2 34V 
V- u ™! VS-Similar ^ of PTH(' -3'>■ <d) Effect of PT» «n»'«>gs on TRAP activity in the femoral bone extract of mice.'Four hours after injection 
with PTH at doses indicated, or vehicle, mice were killed and femurs removed and used for determination of TRAP activity (n = 6) "/> < 0 01 vs 
vehicle group; "p < 0.01 vs. a similar dose of PTH(2-34); cp < 0.01 vs. a similar dose of PTH(1-31) 

treated group and by 9% in the PTH(1-31) treated group, over 
vehicle-treated control mice (Figure 3c). Consistent with these 
data, total bone mineral content at the middiaphysis was in- 
creased by 41% with PTH(l-34) and 26% with PTH(1-31) 
administration, respectively, over the vehicle-treated group. The 
PTH(l-34)-induced increase in bone density and bone mineral 
content at middiaphysis was significantly greater than that in- 
duced by PTH(1-31) (Figure 3c and Table 1). Trabecular bone 
density at the distal metaphysis was increased by 39% with 
PTH(l-34) and 27% with PTH(I-3I) treatment, respectively, 
compared to the vehicle group (Table 1). 

Periosteal and endosteal circumference measurements by 
pQCT revealed that cortical thickness was increased by 25% 
with PTH(l-34) and by 13% with PTH(I-3I) treatment, respec- 
tively (Figure 3d). Both PTH(l-34) and FTH(I-3I) increased 
periosteal circumference and decreased endosteal circumference 
compared to the vehicle-treated group. Although there was no 
difference in the increase in periosteal circumference between 
PTH(l-34) and PTH(I-3I), the reduction in endosteal circum- 
ference was significantly greater in the PTH(l-34) group com- 
pared to the PTH(1-31) group (Figure 3d). These data suggest 
that the greater increase in bone density in the PTH(l-34) group 
compared to the PTH(I-3I) group may be due to a greater 
increase in cortical thickness in the PTH(l-34) group compared 
to the PTH(l-3l)group. 

PTH(I-34) and PTH(1-31) Effects on Mechanical Strength 

Treatment with PTH(l-34) and PTH(1-31) caused a 46% and 
37% increase in load-bearing capacity, respectively, compared to 
the vehicle-treated group (Table 2). Although both load-bearing 
capacity and area of moment of inertia were 7% and 10% higher, 
respectively, in the PTH(l-34) group compared to the PTH(1-31) 
group, these values were not statistically significant compared to 
the PTH(I-31) group. Neither analog had any significant effect 
on maximal stress or elastic modulus compared to the vehicle- 
treated group. In the pooled data from three groups, breaking 
strength of bone correlated positively with periosteal circumfer- 
ence (r = 0.91, p < 0.001). The correlation between breaking 
strength of bone and endosteal circumference, however, was not 
significant (r = -0.33). As expected, breaking strength of bone 
correlated positively with bone density (r = 0.46, p < 0.01) and 
serum osteocalcin level (r = 0.65,/? < 0.01). In addition, serum 
C-telopeptide level correlated positively with endosteal circum- 
ference (r = 0.70, p < 0.01) in the pooled data from all three 
groups. The correlation between serum C-telopeptide and break- 
ing strength of bone, however, was not significant (r = -0.18). 

Discussion 

The findings of this study using PTH(l-34) and aminoterminal- 
and carboxyterminal-truncated PTH analogs suggest that PTH 
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week" 'througMai. bleeding and used for serum osteocalcin determinations. The values are ^"T^^^S^) 'or «! JL kg m- 
Fffect of lone-term PTH treatment on serum C-telopeptide levels. The mice were treated with veh.cle, 80 M.g/kg PTH(l-34), or 80 p-g/kgKIH( J ) 
to a we ks a Tscribed in a] and serum was collected at the end of the experiment and used for C-telopcpt.de measurements (n = 7). To evaluate 
teSÄyÄl-ll)«. bone resorption, we measured C-telopeptide levels in serum samples collected after 22 weeks of treatment 
auhe end of die study „ = 7, "» < 001 vs. vehicle*/» < 0.01 vs. PTH(1-31). (c) Effect of long-term PTH treatment on bone dens.ty m m.ce. M.ce 
at the end ot the study n      <>■ P      > ^i>      PTHf 1-311 for 22 weeks as described in (a), and the femur was excised and used for bone 
were treated w.th veh.cle, 80 u.g/kg ™;34£ or 80 K^ f™.13^°' ^ w^ £        effect of VTH treatment on      iosteal and 

density measurements by pQCT (n - 7). p < 0.01 vs. vehicle, p <~ u.u   vs. rinu JIJ. \. I       e PTHM-3n for 22 weeks as 
endosteal circumference in the femoral bone of mice. Mice were treated with veh.cle, 8° ^g F^H( 1-34X or 8C^ ^| ™J'^^^^•^ 
described in (a) and used for periosteal and endosteal circumference measurements by pQCT (n - 7). The penosteal and endosteal circumference tor 
vehicle treated mice a, the end" of the treatment period were 4.99 ± 0.08 mm and 1.58 ± 0.03 mm, respectively, °p < 0.01 vs. vehicle, p < 0.0. vs. 

PTH0-31). 

analogs exhibit different effects at the periosteum and endosteum 
of middiaphysis of long bones in the mouse model. Although 
PTH(l-34) and PTH(1-31) caused similar increases in periosteal 
circumference, PTH(l-34) caused a significantly greater reduc- 
tion in endosteal circumference than PTH(1-31). Consistent with 
the differential effects of these two analogs on cortical thickness, 
PTHO-34) caused a significantly greater increase in BMD than 
PTH0-31). Both PTHO-34) and PTH(1-3I) treatment signifi- 

cantly increased mechanical strength in the femur of mice. Our 
data on the anabolic effects of PTH(l-34) in mice are consistent 
with a recent report by Jilka et al.,18 which demonstrated that 
daily subcutaneous administration of PTH(l-34) over a 4 week 
period increased BMD in adult mice with normal bone mass or 
in mice with osteopenia. Our observations on the middiaphyseal 
site of the femur indicate cortical bone is not being lost, but 
rather is increasing, at this site. This argues against the possibility 

Table 1. Effect of parathyroid hormone (PTH) treatment on various parameters in the femur of mice 

Control PTH(l-34) PTHO-31) 

Dry weight (mg) 
Length (mm) 
Cortical thickness" (mm) 
Total mineral content" (mg/slice) 
Total density" (mg/cm2) 
Trabecular densityb (mg/cm2) 

63.7 ± 2.3 
16.0 + 0.16 
0.56 ± 0.025 
1.94 ±0.07 
926 ± 10 
242 ± 18 

77.5 ± 2.8C 

15.7 ±0.18 
0.70 ± 0.035cd 

2.73 ± 0.009cd 

1090 ± 7cd 

336 ± 15c 

73.9 ± 2.3C 

15.9 ±0.16 
0.63 ± 0.026" 
2.44 ±0.11c 

1010 ± 18^ 
307 ± I3C 

"Measurement at middiaphysis of femur. 
"Measurement at distal metaphysis of femur. 
*p < 0.01 vs. control. 
*'/» < 0.01 vs. PTHO-31). 
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Table 2. Effects of long-term treatment of mice with two parathyroid 
hormone fragments [PTH(I-34) and PTH(1-3I)| on mechani- 
cal strength parameters in the femur of mice 

Group 

Maximum 
load 
(N) 

Area moment 
of inertia 

(mm4) 

Maximal 
stress 
(MPa) 

Elastic- 
modulus 

(GPa) 

Control 46.7 ± 3.0 
PTHO-34)   68.6 ±2.9* 
PTH(I-3I)   63.9 ±3.9" 

0.34 ±0.021 
0.52 ± 0.019" 
0.47 ± 0.026" 

191.1 ±6.0   5.63 + 0.3 
204.0 ±9.0   6.06 ±0.041 
205.6 ±5.2    6.18 ±0.15 

"/; < 0.01 vs. control (n = 7 per group). 

that the increase in trabecular bone is associated with a loss of 
cortical bone, although further studies of other sites are needed to 
establish that bone loss is not occurring in other locations. 

Long-term treatment of mice with either PTH(l-34) or 
PTH( 1-31) increased periosteal circumference to a similar extent 
over vehicle-treated control mice. Based on the findings that both 
of these PTH analogs increased biochemical markers of bone 
formation in serum and bone extracts similarly, we speculate that 
the effect of PTH to increase periosteal circumference is medi- 
ated via increased periosteal bone formation. In addition, both 
PTH0-34) and PTH(1-31) significantly decreased endosteal cir- 
cumference compared to the control group. An increase in bone 
formation and/or decrease in bone resorption could mediate the 
decrease in endosteal circumference by these two analogs. Based 
on the findings that PTH(l-34) treatment significantly increased 
the bone formation rate at both the periosteum and endosteum in 
the femoral middiaphysis of rats,33'37-42 we speculate that the 
PTH-induced increase in bone formation at the endosteum may, 
in part, contribute to the decreased marrow cavity in PTH-treated 
mice. In contrast to the similar potency of the PTH(l-34) and 
PTHO-31) analogs at the periosteum, PTH(1-31) was found to 
be less effective than PTH(l-34) in decreasing endosteal circum- 
ference. The differential effects of PTH(l-34) and PTH(I-31) at 
the endosteum is not specific to mice, because previous studies 
by Rixon et al.37 have shown that daily injections of PTH(I-3I) 
stimulated bone growth less effectively than PTH(l-34) in ovari- 
ectomized rats, but it stimulated cortical bone growth as rapidly 
and as dramatically as PTH(l-34). Thus, the effects of PTH(I- 
34) and PTH(1-31) appear to be site-specific in both mice and 
rats. 

In this study, treatment of mice with PTH(l-34) and PTHO- 
31) caused similar increases in bone formation parameters (i.e.. 
serum osteocalcin and bone alkaline phosphatase activity), 
whereas PTH(2-34) was much less active. These data are con- 
sistent with previous studies in rats, which demonstrated that 
PKA activity is crucial for bone forming effects of PTH.5-20-21 In 
contrast to the similar potencies of PTH0-34) and PTHO-31) to 
increase bone formation parameters, PTH( 1-31) treatment caused 
a much smaller increase in bone resorption as measured by serum 
calcium level and TRAP activity in bone extract. Consistent with 
our findings, Fraher et al.1" recently showed that daily infusion 
of PTH0-34) for 10 days in 10 healthy individuals caused 
significant increase in bone resorption as measured by changes in 
serum-ionized calcium and urinary aminoterminal telopeptides 
of type I collagen (NTx). On the contrary, PTHO-31) infusion 
was an ineffective stimulator of bone resorption as indicated by 
a failure to increase the blood calcium and urinary NTx, although 
PTHO-31) was as effective as PTH(l-34) in increasing plasma 
and urinary cAMP levels. Because PTH can regulate serum 
calcium by acting on kidney and intestine in addition to bone,7" 
further studies are needed to evaluate whether the lack of in- 
crease in serum calcium by PTH(I-31) is caused by its inability 
to increase bone resorption and/or calcium uptake by intestine 
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and kidney. PTH(2-34) was also found to be much less potent 
than PTHO-34) in stimulating bone resorption parameters. These 
data suggest that the bone resorbing effect of PTH may require 
both aminoterminal and carboxyterminal regions of PTHO-34). 

Because PTH( 1-31) increased bone formation parameters to a 
level similar to that of PTH(l-34). and because PTHO-31) 
caused a much smaller increase in TRAP activity compared to 
PTH( 1 -34), we anticipated PTH( 1-31) to increase bone density to 
a greater extent than PTH(l-34). On the contrary, we found that 
PTHO-31) caused a smaller increase in bone density compared 
to PTHO-34). We have no experimental data to explain why 
PTHO-31) is less anabolic than PTH(l-34), although both of 
these analogs increased bone formation markers to a similar 
extent. There are several potential explanations for this discrep- 
ancy: (1) Activation of PKC and PLC by PTHO-34) and PTH(1- 
31) have not been tested in target cells from the mouse; therefore, 
it is possible that the mouse PTH receptor at the periosteum and 
endosteum of long bones of mice might respond differently to 
these analogs than the receptor from other species. (2) The 
differences in the anabolic activity of PTH(l-34) and PTHO-31) 
analogs may be related to the differences in the pharmacokinetic 
properties or potencies of these two analogs in the mouse rather 
than the differences in their ability to activate signaling path- 
ways. (3) Based on the findings that PTH(l-34), but not PTHO- 
31), caused an increase in bone resorption at the dose used in 
long-term in vivo studies, and that PTHO-34) produced a greater 
reduction in endosteal circumference than PTHO-31), it is pos- 
sible that the bone resorbing activity of PTH at the endosteum 
may be required for PTH-mediated decreases in endosteal cir- 
cumference in mice. Although the mechanism by which PTHO- 
34) and PTHO-31) elicit different responses at the endosteum 
cannot be ascertained, these data are consistent with a number of 
previous studies demonstrating that the magnitude of anabolic 
response to PTH may vary at different sites within the skele- 
ton 23,24.27.30.31.40 

The effect of PTH on bone formation may involve direct 
action of PTH on osteoblast line cells or indirect action via 
modulation of local growth factor production. Based on the 
finding that PTH treatment causes an acute increase in several 
potential second messenger signaling molecules, such as c-fos, 
MAPK, and cyclin-dependent kinase, which are implicated in 
cell proliferation, it has been proposed that the effects of PTH on 
osteoblasts are direct.9'4-22~12-47 Recent findings by Jilka et al.18 

have also indicated that prevention of osteoblast apoptosis is a 
crucial mechanism for the anabolic effects of PTH on bone. In 
addition to the direct effects of PTH, it has been shown that PTH 
treatment increases production of insulin-like growth factor-1 
(IGF-1) in rat and mouse osteoblasts in vitro,25-28'48 and rat 
osteoblasts in vivo.49 Although studies by Gunness and Hock" 
demonstrated that PTH treatment increases bone formation in 
hypophysectomized rats, suggesting that growth hormone is not 
essential for anabolic effects of PTH, the implications whether or 
not the effects of PTH on bone formation require local IGF 
production by osteoblasts requires further study. In any case, 
based on past findings that PTH actions are complex and involve 
both direct and indirect actions on osteoblasts, it is possible to 
speculate that different receptors or signaling molecules could 
mediate the differential effects of PTH at the periosteum vs. 
endosteum. Further studies are needed to evaluate if the observed 
site-specific effects of PTH(l-34) and PTH(I-31) also occur at 
other skeletal sites as well as in other animal models. 

The findings of this study also demonstrated that PTH 
treatment causes a significant increase in mechanical strength 
of the bones without altering the quality of the bone in mice. 
The effect of PTH to increase biomechanical competence of 
the cortical bone is consistent with previous reports using 
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rats.8"'24-2"''40'" Because PTH(l-34) caused a signifi- 
cantly greater increase in bone density (18% vs. 9%) com- 
pared to PTH(1-31), we anticipated PTH(l-34) treatment to 
produce a greater increase in mechanical strength than PTH( 1- 
31). We found that, although PTH(l-34)-induced increases in 
load-bearing capacity and area of moment of inertia were 
higher thatfthat those found using PTH(1-31), these results 
were not significant. In this regard, the lack of difference in 
bone strength between PTH(l-34) and PTH(1-31) could be 
due to similar increases in periosteal circumference, which 
appears to be the major determinant of bone strength. Further 
studies are also needed to evaluate if these two analogs caused 
a similar increase in trabecular number and thickness, which 
could have contributed to similar changes in mechanical 
strength. 

In conclusion, our findings demonstrate that: (1) PTH(1-31) 
was as potent as PTH(l-34), whereas PTH(2-34) was less potent 
in stimulating bone formation parameters in mice; and (2) both 
PTHU-31) and PTH(2-34) were less potent than PTH(l-34) in 
stimulating bone resorption parameters in mice. Although both 
PTH0-34) and PTH(1-31) caused similar increases in periosteal 
circumference and mechanical strength, PTH(l-34) was more 
effective than PTH(l-31) in increasing bone density and decreas- 
ing endosteal circumference. Future studies are needed to deter- 
mine whether PTH increases bone formation at the periosteum 
and endosteum in mice via similar or different molecular 
mechanisms. 
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Variation in Bone Biomechanical Properties, 
Microstructure, and Density in BXH Recombinant 

Inbred Mice 
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CLIFFORD J. ROSEN,3 MARGARET E. McCRANN,4 LEAH RAE DONAHUE,4 and WESLEY G. BEAMER4 

ABSTRACT 

To test the hypothesis that factors associated with bone strength (i.e., volumetric bone mineral density 
[vBMD], geometry, and microstructure) have heritable components, we exploited the 12 BXH recombinant 
inbred (RI) strains of mice derived from C57BL/6J (B6; low bone mass) and C3H/HeJ (C3H; high bone mass) 
progenitor strains. The femurs and lumbar vertebrae from each BXH RI strain were characterized for 
phenotypes of vBMD, microstructural, biomechanical, and geometrical properties. Methods included bending 
(femur) and compression (vertebra) testing, peripheral quantitative computed tomography (pQCT), and 
microcomputed tomography (juiCT). Segregation patterns of femoral and vertebral biomechanical properties 
among the BXH RI strains suggested polygenic regulation. Femoral biomechanical properties were strongly 
associated with femoral width in the anteroposterior (AP) direction and cortical thickness—geometric 
properties with complex genetic regulation. Vertebral vBMD and biomechanical properties measured in BXH 
RI strains showed a greater variability than either B6 or C3H progenitors, suggesting both progenitor strains 
have independent subsets of genes that yield similar vBMD and strength. The /mCT and pQCT data suggested 
that the distribution of vertebral mineral into cortical and trabecular compartments is regulated genetically. 
Although the B6 and C3H progenitors had similar vertebral strength, their vertebral structures were 
markedly different: B6 had good trabecular bone structure and modest cortical bone mineral content (BMC), 
whereas C3H had high cortical BMC combined with a deficiency in trabecular structure. These structural 
traits segregated independently in the BXH RI strains. Finally, vertebral strength was not correlated 
consistently with femoral strength among the BXH RI strains, suggesting genetic regulation of bone strength 
is site specific. (J Bone Miner Res 2001;16:206-213) 

Key words:   biomechanics, bone density, osteoporosis, genetics 

INTRODUCTION 

OSTEOPOROSIS is primarily a disease of bone fragility 
resulting from decreased bone mass, altered microar- 

chitecture, and possibly impaired bone quality. Key among the 

factors contributing to the prevalence of osteoporosis is re- 
duced skeletal density/1' Studies in twins have determined that 
approximately 70% of the variability in bone density is genet- 
ically based.(2-4) This variation in bone density probably is 
influenced by multiple genes, which have not yet been identi- 

'Biomechanics and Biomaterials Research Center, Indiana University, Indianapolis, Indiana, USA. 
2Orthopedic Biomechanics Laboratory, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, Massachusetts, 

USA. 
3Maine Center for Osteoporosis Research and Education, Bangor, Maine, USA. 
''The Jackson Laboratory, Bar Harbor, Maine, USA. 
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fied.(5) Beamer et al/6' showed a large difference in the femoral 
volumetric bone mineral density (vBMD) and bone mineral 
content (BMC) between the inbred mouse strains C3H/HeJ 
(C3H) and C57BL/6J (B6). Thus, these strains appear to be 
very good models for the analyses of high and low bone mass, 
respectively. However, the genetic influence on skeletal bone 
microstructure arid strength in these mice is site specific and 
complex. For example, C3H mice have thicker femoral corti- 
ces and stronger femoral shafts when Compared with B6 but 
are deficient in trabecular bone structure in the proximal femur 
and lumbar spine.(7) Although C3H mice have significantly 
stronger femurs compared with B6, their lumbar vertebrae are 
not stronger, but instead are more brittle,'7' suggesting that the 
genes contributing to improved femoral strength have no effect 
or even a negative effect on trabecular bone structure in the 
spine. These findings led us to hypothesize that multiple genes 
contribute independently to cortical and trabecular bone mi- 
crostructures and bone fragility in the C3H and B6 strains. 

In the current study, we evaluated the bone microstruc- 
ture, vBMD, and biomechanical properties of femurs and 
vertebrae in BXH recombinant inbred (RI) mouse strains. 
RI strains were created by first crossbreeding two different 
inbred strains, intercrossing the resulting Fl hybrids and 
then inbreeding pairs of F2 progeny for 20 subsequent 
generations/8' This breeding strategy creates a set of RI 
strains. The mice within each RI strain are "twins" and thus 
contain the same genetic alleles, half of these alleles come 
from each of the two progenitor strains. A set of 12 RI 
strains (denoted BXH) were previously created from B6 and 
C3H progenitor strains. Each of the BXH RI strains contains 
a unique combination of genetic alleles from the B6 and 
C3H strains that can be phenotyped for genetically based 
polymorphic traits that differ between the B6 and C3H 
progenitors. Comparison among strains of the distribution 
pattern for a quantitative trait can be used to gain chromo- 
somal location of genes responsible for the trait of inter- 
est/9' Originally, RI strains were developed for mapping 
single genes with major effects; mapping precision rapidly 
degenerates with increasing genetic complexity of a trait/10' 
Nevertheless, such strains can be exploited to discriminate 
between single versus polygenic inheritance, as well as to 
gain clues about subsets of regulatory genes and possible 
locations of major genes/11' 

We hypothesized that factors associated with bone 
strength (i.e., BMD, geometry, and microstructure) have 
heritable components. To test this hypothesis, we measured 
femoral and vertebral bone strength in the 12 BXH RI 
strains and the progenitor B6 and C3H strains. In addition, 
we measured femoral and vertebral geometry, vBMD, and 
trabecular microstructure in the lumbar spine. The resultant 
phenotypic segregation patterns differed from each other, 
indicating distinct inheritance patterns and a complexity of 
genetic regulation for these traits. 

MATERIALS AND METHODS 

Animal care 

The study involved 12 BXH RI strains of mice (n = 
7-13) and the B6 and C3H progenitor strains. All mice used 
in the study were female and 8 months of age. Adult femoral 

density is achieved at about 4 months of age in mice and 
maintained until about 8-12 months of age/6' Conse- 
quently, the mice in this study are mature adults with peak 
bone mass. These mice were group-housed in polycarbonate 
cages at The Jackson Laboratory (Bar Harbor, ME, USA). 
Water was acidified with HC1 to achieve a pH of 2.8-3.2 for 
suppression of bacteria and was freely available. The diet 
used for all mice was pasteurized National Institutes of 
Health (NTH) 31 (6% fat diet, vitamin and mineral fortified; 
PMI, Richmond, IN, USA) and was freely available. Use of 
mice in this research project was reviewed and approved by 
the Institutional Animal Care and Use Committee of The 
Jackson Laboratory. 

BMD measurements 

Isolated femurs and vertebrae were assessed using periph- 
eral quantitative computed tomography (pQCT; Stratec 
XCT 960M; Norland Medical Systems, Ft. Atkinson, WI, 
USA) as described previously/6' Briefly, bones were iso- 
lated and stored in 95% EtOH until assessed by pQCT for 
vBMD. Thresholds of 1.300 attenuation units differentiated 
mineralized bone from water, adipose tissue, muscle, and 
tendon; a threshold of 2.000 differentiated high-density 
cortical bone from bone of lower density. Precision of the 
pQCT for femoral, tibial, and vertebral vBMD were 1.2, 
1.5, and 1.4%, respectively. Isolated femurs were scanned at 
2-mm intervals over their entire lengths. Total vBMD was 
calculated by dividing the total mineral content by the total 
bone volume. Femoral cortical thickness was calculated at 
the midpoint of the diaphysis. Isolated lumbar vertebrae 
(L5) were scanned at their measured midpoints and vBMD 
was calculated as described previously. Cortical BMC val- 
ues also are presented for the L5 vertebrae. 

Bone microstructure measurements 

The L5 vertebra from BXH RI strains with the highest 
and lowest bone strength were analyzed using a desktop 
micro-CT (juCT 20; Scanco Medical AG, Bassersdorf, 
Switzerland). A microfocus X-ray tube with a focal spot of 
10 /i,m was used as a source. To perform a measurement, the 
specimen was mounted on a turntable that could be shifted 
automatically in the axial direction. Six hundred projections 
were taken over 216° (180° plus half the fan angle on either 
side). A standard convolution-backprojection procedure 
with a Shepp and Logan filter was used to reconstruct the 
CT images in 1024 pixel X 1024 pixel matrices. For each 
sample, a total of 100-200 microtomographic slices, with a 
slice increment of 17 ;u,m, were acquired. Measurements 
were stored in three-dimensional (3D) image arrays with an 
isotropic voxel size of 17 jum. A constrained 3D Gaussian 
filter was used to partly suppress the noise in the volumes. 
The bone tissue was segmented from marrow using a global 
thresholding procedure/12' In addition to the visual assess- 
ment of structural images, morphometric indices were de- 
termined from the microtomographic data sets. Cortical and 
trabecular bone were separated using a semiautomated con- 
tour tracking algorithm to detect the outer and inner bound- 
aries of the cortex. In trabecular bone, basic structural 
metrics were measured using direct 3D morphometry/13' 
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TABLE 1. BODY WEIGHT AND FEMUR GEOMETRY, INCLUDING LENGTH, WIDTH IN AP AND ML DIRECTIONS, AND 
MlDDIAPHYSEAL THICKNESS, FOR B6, C3H, AND BXH RI STRAINS 

Inbred Body Femur length Width ML Width AP Cortical thickness 
strain n weight (g) (mm) (mm) (mm) (mm) 

B6 8 28.4 ± 1.5 16.1 ±0.11 1.80 ± 0.05a 1.23 ± 0.02a o.4o ± o.or 
C3H 10 27.7 ± 1.0 16.0 ± 0.08 1.60 ± 0.01b 1.31 ± 0.02b 0.56 ± 0.01b 

BXH-2C 

BXH-3 10 25.6 ± 1.0 16.0 ± 0.09 1.54 ± 0.04b 1.11 ±0.02a'b 0.36 ± 0.01a 

BXH-4 11 31.4 ± 1.3 17.2 ± 0.07*-b 1.81 ± 0.02a 1.28 ± 0.02b 0.49 ± o.or-b 

BXH-6 13 25.7 ± 1.3 16.1 ± 0.04 1.73 ± 0.03a 1.02 ± 0.01a,b 0.45 ± O.Ol"-" 
BXH-7 8 26.9 ± 2.3 15.9 ± 0.08 1.90 ± 0.05ab 1.16 ± 0.03°-" 0.37 ± 0.01a 

BXH-8 10 24.3 ± 1.3 16.1 ± 0.09 1.84 ± 0.03a 1.20 ± 0.01a 0.44 ± 0.02a-b 

BXH-9 8 31.9 ± 1.9 16.4 ± 0.05ab 1.82 ± 0.04a 1.26 ± 0.02a 0.46 ± 0.02^ 
BXH-10 10 26.6 ± 0.7 15.1 ± 0.06^ 1.52 ± 0.02b 1.07 ± 0.01a'b 0.37 ± 0.01a 

BXH-11 7 24.5 ± 1.8 16.3 ± 0.14a 1.84 ± 0.02a 1.27 ± 0.03 0.41 ± 0.01" 
BXH-12 10 28.9 ± 2.5 16.0 ± 0.09 1.60 ± 0.02b 1.15±0.02ab 0.44 ± O.Or" 
BXH-14 9 26.2 ± 1.4 16.6 ± 0.10ab 1.66 ± 0.03b 1.10 ±0.01Bb 0.49 ± 0.02a'b 

BXH-19 8 21.7 ± 0.4a'b 16.2 ± 0.07 1.72 ± 0.03a 1.08 ± 0.01a>b 0.46 ± 0.02a'b 

Data presented are mean ± SEM. 
Boldface indicates significantly greater than both C3H and B6; underline indicates significantly less than both C3H and B6. 
a Significantly different from C3H. 
b Significantly different from B6. 
c BXH-2 developed early onset leukemia and were excluded from the study. 

The measurements included bone volume density (BV/TV), 
bone surface density (BS/TV), trabecular number (Tb.N), 
trabecular thickness (Tb.Th), and trabecular spacing 
(Tb.Sp). Previous studies have shown that trabecular struc- 
tural metrics measured using juCT closely correlate with 
those measured using standard histomorphometry.(14'15) Av- 
erage height and width of the L5 vertebrae were measured 
directly on midcoronal /xCT images. 

Biomechanical tests 

We measured bone strength of the femur and the L5 
lumbar vertebrae. Femurs were tested at the mid-shaft by 
three-point bending at room temperature. Load was applied 
in the anteroposterior (AP) direction midway between two 
supports that were 5 mm apart. Load-displacement curves 
were recorded at a crosshead speed of 0.5 mm/s using a 
microforce materials testing machine (Vitrodyne 2000). 
Data were stored on a microcomputer. Ultimate force (Fu), 
stiffness (S), and work to failure (U) were calculated from 
the load-displacement curve as described elsewhere.(16) Fa 

reflects the strength of the bone, while 5 reflects the rigidity 
and U is the energy necessary to cause a fracture. Widths of 
the cortical midshaft in the mediolateral (ML) and antero- 
posterior (AP; a.k.a. cranial-caudal) directions were mea- 
sured using digital calipers accurate to 0.01 mm, with a 
precision of ±0.005 mm (Mitutoyo, Aurora, IL, USA). 

The L5 vertebrae were dissected free and the posterior 
elements were removed using a small clipper. The endplates 
of the vertebral body were cut parallel using a diamond 
wafering saw (Isomet, Buehler, Lake Bluff, IL, USA). Me- 
chanical tests were performed in compression using a ser- 
vohydraulic materials testing machine (810; MTS Corp., 
Minneapolis, MN, USA). All tests were done with the 

specimen submerged in 37°C saline using a displacement 
rate of 1 mm/s. The standard parameters of Fw S, and U 
were calculated from the resulting load-displacement 
curves. Variation was noted in the specimen height resulting 
from both genetic differences and effects of making the 
endplates parallel. Because stiffness and work to failure are 
affected by specimen height, these parameters were normal- 
ized by dividing U by specimen height and by multiplying 
5 by specimen height. 

Statistical tests 

Comparisons among the BXH RI strains and the B6 and 
C3H progenitors were made using analysis of variance 
(ANOVA) implemented by StatView software (Abacus 
Concepts, Berkeley, CA, USA). Post hoc comparisons be- 
tween groups were accomplished using a Fisher's protected 
least significant difference test. Statistical significance was 
assumed at p < 0.05. 

RESULTS 

The average body weights for BXH RI strains were not 
significantly different from the B6 and C3H progenitor 
strains, with the exception of BXH-19 mice, which were 
significantly lighter than both progenitor strains (Table 1). 
The C3H mice had greater femoral strength (Fu), stiffness 
(5), and work to failure (U) compared with B6, as previ- 
ously reported.(7) For most RI strains, femoral biomechani- 
cal properties fell between those of the progenitor strains 
(Fig. 1, note that mice from the BXH-2 RI strain developed 
early onset leukemia and were excluded from the study). 
However, five RI strains (BXH-3, -6, -7, -10, and -11) had 
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FIG. 1. Femoral biorriechanical properties for B6, C3H, and BXH RI 
inbred strains of mice. Data presented are mean ± SEM (n = 7-13). B 
indicates ä significant difference from B6 and H indicates a significant 
difference from C3H; Fu is ultimate force, 5 is stiffness, and U is work 
to failure. 

significantly reduced U compared with either of the progen- 
itor strains. Three of these strains (BXH-3, -10, and -11) 
also had significantly reduced Fa compared with progeni- 
tors. This indicates that these strains had femurs that are 
more fragile. For the most part, the increased femoral fra- 
gility was caused by a combination of reduced cortical 
thickness and reduced femoral width in the AP direction 
(Table 1). A remarkable exception was BXH-11, where 
cortical thickness and AP femoral width were not different 
from B6, yet Fu and V were only 60% and 25% of B6, 
respectively. These results suggest that BXH-11 mice had 
diminished femoral bone quality. We explored this issue 
further by calculating femoral toughness, which is a mea- 
sure of the bone tissue integrity corrected for the size and 
shape of the bone.<16) Femoral toughness in BXH-11 mice 

(2.0 ± 0.2 mJ/mm3) was significantly lower than all other 
RI strains (p < 0.001) and considerably less than the tough- 
ness of B6 (8.1 ± 0.5 mJ/mm3;/? < 0.0001) orC3H (17.2 ± 
0.6 mJ/mm3; p < 0.0001) progenitors. 

There was variation among the strains in femoral geom- 
etry. Femoral length was not significantly different between 
C3H and B6 progenitor strains but varied greatly among 
BXH RI strains (Table 1). In particular, mice from BXH-4, 
-9, and -14 strains had femoral lengths that exceeded those 
from either progenitor strain, whereas mice from the 
BXH-10 strain had significantly shorter femurs. Femoral 
width varied greatly among the progenitor and RI strains, 
particularly in the ML direction as presented in Table 1. 
Femurs from the B6 progenitor mice were 15% wider in the 
ML dimension compared with C3H measurements. Among 
the RI strains, ML width values distributed rather uniformly 
as intermediate, B6-like, or C3H-like. 

Total vBMD values for femurs were higher in C3H mice, 
compared with B6 (Table 2). The total femoral vBMD 
values for BXH RI strains fell between those of the progen- 
itor strains and in all instances were significantly different 
from both progenitors. The femoral cortical BMC values for 
the RI strains tended to segregate into low B6-like levels 
(BXH-3, -7, and -10), intermediate levels (BXH-6, -8, -11, 
and -12), or high C3H-like levels (BXH-4, -9, -14, arid -19). 

There were no differences in vertebral bone strength (Fa) 
between these 8-month-old C3H arid B6 mice, yet there was 
considerable variation in bone strength among the BXH RI 
strains. Four RI strains (BXH-3, -7, -10, and -12) had 
significantly weaker vertebrae than either B6 or C3H pro- 
genitors, while one RI strain—BXH-4—had significantly 
greater vertebral bone strength than both progenitors (Fig. 
2). Normalized stiffness (S*h) and normalized work to 
failure (U/h) tended to distribute more normally with values 
similar to, as well as between, those of the B6 arid C3H 
progenitors. 

The total vBMD values for L5 vertebrae distributed dif- 
ferently from vBMD in femurs: five of the BXH RI strains 
(BXH-3, -7, -8, -10, and -11) were statistically below both 
progenitor strains, whereas BXH-4, -6, -9, and -19 were like 
the B6 and C3H progenitors, and only BXH-14 exceeded 
the high-density C3H value. C3H mice had substantially 
more vertebral cortical BMC when compared with B6 val- 
ues. The vertebral cortical BMC (Table 2) showed that six 
of the RI strains (BXH-3, -6, -7, -8, 10, and -11) had 
significantly lower BMC values than both progenitor strains 
and two RI strains (BXH-9 and -12) were statistically iden- 
tical with B6 progenitors, whereas three RI strains (BXH-4, 
-14, and -19) showed BMC values like that of the C3H 
progenitors. None of the BXH RI strains had vertebral BMC 
values statistically greater than C3H mice. 

jiCT analyses revealed marked differences between the 
vertebrae with highest (BXH-4) and lowest (BXH-3) bone 
strength (Fig. 3). BXH-4 had superior bone microstructure 
compared with BXH-3 and progenitor strains, including 
significantly higher trabecular bone volume and thickness 
(Table 3). Both BXH-3 and C3H mice had poor trabecular 
bone structure with reduced Tb.N and increased Tb.Sp 
compared with B6 or BXH-4 mice. There were no signifi- 
cant differences in trabecular structure between BXH-3 and 
C3H; however, the vertebral bone strength for BXH-3 was 
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TABLE 2. BONE PARAMETERS DETERMINED BY PQCT FOR THE FEMUR AND LUMBAR VERTEBRAE FOR B6, C3H, 
AND BXH RI STRAINS OF MICE 

Midvertebral 
Femoral total Femoral cortical total vBMD Midvertebral cortical 

Strain n vBMD (mg/mm3) BMC (mg) (mg/mm3) BMC (mg) 

B6 8 0.459 ± 0.009a 7.77 ± 0.25a 0.228 ± 0.007" 0.45 ± 0.07a 

C3H 10 0.680 ± 0.010b 11.9±0.83b 0.240 ± 0.007b 0.69 ± 0.06" 
BXH-2C 

BXH-3 10 0.511 ±0.013a,b 6.78 ± 0.43a 0.189 ± 0.008a,b 0.09 ± 0.02a'" 
BXH-4 11 0.601 ± 0.006a'b 12.7 ± 0.16b 0.246 ± 0.008 0.57 ± 0.07 
BXH-6 13 0.602 ± 0.012a'b 9.69 ± 0.41ab 0.220 ± 0.006 0.29 ± 0.05a'" 
BXH-7 8 0.524 ± 0.012ab 7.61 ± 0.38a 0.200 ± 0.009a-b 0.19 ± 0.03a-b 

BXH-8 10 0.548 ± aoie3-1" 9.95 ± O.SS"-" 0.213 ± 0.007a-b 0.20 ± 0.04a'b 

BXH-9 8 0.585 ± 0.007"-" 11.0±0.46b 0.229 ± 0.006 0.39 ± 0.05" 
BXH-10 10 0.551 ± 0.004a-" 7.01 ±0.11° 0.188 ± 0.004a-b 0.10 ± 0.01a,b 

BXH-11 7 0.522 ± 0.008ab 9.66 ± 0A6^h 0.189 ± 0.005a-b 0.20 ± 0.04a'b 

BXH-12 10 0.594 ± 0.008a-b 9.50 ± 0.36a-b 0.226 ± 0.007 0.32 ± 0.05a 

BXH-14 9 0.613 ± 0.013a-b 11.2±0.40b 0.279 ± 0.010"-b 0.82 ± 0.1 lb 

BXH-19 8 0.604 ± O-OOS8-" 10.9 ± 0.33" 0.256 ± 0.010" 0.67 ± 0.07b 

Data are presented as mean ± SEM. 
Boldface indicates significantly greater than both C3H and B6; underline indicates significantly less than both C3H and B6. 
a Significantly different from C3H. 
" Significantly different from B6. 
c BXH-2 developed early onset leukemia and were excluded from the study. 

only 54% of C3H. These results apparently are caused by 
the very low vertebral cortical BMC of BXH-3, compared 
with C3H (Table 2). B6 vertebrae were shorter than those 
from C3H, whereas C3H vertebrae were more narrow. The 
selected BXH RI strains tended to retain the height of C3H 
and the width of B6 (Table 3). 

Because of the independent variation of cortical and 
trabecular bone tnicrostnictiires among progenitor and RI 
strains, the variance in vertebral strength was not reflected 
consistently in the femoral strength (Fig. 4). The solid 
symbols in Fig. 4 denote the inbred strains that are partic- 
ularly useful to illustrate the point that genetic regulation of 
vertebral strength is sometimes independent of regulation of 
femoral strength. The BXH-12 and BXH-4 strains showed a 
difference in vertebral strength of almost 2-fold with no 
corresponding difference in femoral strength. Likewise, the 
B6 and C3H strains showed a 2.2-fold difference in femoral 
strength with no difference in vertebral strength. 

DISCUSSION 

It is widely recognized that loss of bone strength is 
accompanied by a corresponding rise in risk for osteopo- 
rotic fracture. Critical insight to osteoporotic fracture will 
follow from a better understanding of factors regulating 
biomechanical properties. In this report, we have hypothe- 
sized that factors associated with bone strength (i.e., BMD, 
size, and microstructure) have heritable components. To test 
this concept, we exploited a unique genetic model system in 
the form of the BXH RI strains derived from B6 and C3H 
progenitors known to differ in many aspects of bone 
biology.(67'17_22) By phenotyping each BXH RI strain for 

the traits that differ between the B6 and C3H progenitors, 
analyses of resultant patterns yield insights about genetic 
regulation underlying each trait. The evidence reported here 
shows a remarkable complexity to the biological basis for 
differences in bone strength between B6 and C3H mice. 

The segregation patterns of values of biomechanical 
properties for BXH RI femurs lead to the following conclu- 
sions. First, none of the investigated properties segregated 
the RI strains into subsets that simply resembled either the 
B6 or the C3H progenitors. In the absence of such a simple 
segregation pattern, we conclude that each of the pheno- 
types represented by Fu, S, and U of these skeletal sites is 
regulated by more than one gene. The modest numbers of RI 
strains available in this BXH set will not support linkage 
analyses of traits with more than one gene. Therefore, we 
have not compared the BXH RI strain distribution patterns 
recorded for any of the phenotypes reported here with 
published data in search of single genes. Second, several 
BXH RI had significantly lower femoral Fu and U values 
than those found in the low-strength B6 strain and none of 
the BXH RI strains achieved values that approached those 
observed in the high-strength C3H strain. This phenomenon 
of transgenesis suggests that (a) the C3H strain carries 
genetic alleles contributing to low bone strength and (b) the 
high bone strength of C3H may result from the interaction 
of specific genes in C3H but, by chance, none of the BXH 
RI strains contain the correct combination of C3H genes 
supporting high femoral strength. 

Femoral geometry (overall length and ML and AP 
widths) also showed complex genetic regulation. Although 
the length of the B6 and C3H femurs were not different, half 
of the BXH RI strains had femurs that were either shorter or 
longer than the progenitor strains.  Middiaphyseal ML 
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FIG. 2. Vertebral biomechanical properties for B6, C3H, and BXH 
RI inbred strains of mice. Data presented are mean ± SEM (n = 7-13). 
B indicates a significant difference from B6 and H indicates a signif- 
icant difference from C3H; Fu is ultimate force, S*h is normalized 
stiffness, and U/h is normalized work to failure. 

widths distributed into either progenitor and intermediate 
categories, while the majority of the RI strain AP widths 
were less that those of the smaller B6 progenitor. As was 
noted for the femoral strength properties, the thicker fem- 
oral cortex of the C3H femurs was not observed in the BXH 
RI strains. Collectively, these data argue cogently for com- 
plex genetic regulation of parameters for femoral size. 

The RI strain BXH-11 was remarkable because appar- 
ently it had robust femoral shaft geometry, yet with weaker 
and more fragile femurs. The femoral toughness of the 
BXH-11 mice was substantially lower than other strains, 
indicating a deficit in bone quality. These results suggest 
that one of the B6 and C3H progenitor strains contains a 
genetic allele(s) that influences some aspect of bone quality. 
It is unclear, based on the present data, exactly what alter- 

C3H 

BXH-3      BXH-4 
FIG. 3. /LICT section of the L5 vertebral body for progenitor strains 
(B6 and C3H) and the BXH RI strains with maximum (BXH-4) and 
minimum (BXH-3) vertebral strength. The images were measured 3-D 
providing a 17-jnm isotropic voxel size. 

ation in the BXH-11 femoral tissue caused the deficit in 
toughness; nevertheless, the BXH RI strains may be useful 
for studying genetic influences on bone quality. 

As was true for biomechanical and morphology proper- 
ties, segregation of total vBMD and cortical BMC for fe- 
murs was consistent with conclusions of polygenic regula- 
tion. Femoral vBMD values from the BXH RI strains were 
distributed between those of the progenitor strains and no 
BXH RI replicated either progenitor strain value, again 
arguing for the fact that combinations of specific genes are 
required to achieve the respective densities of the progenitor 
strains. 

The biomechanical properties of the L5 vertebrae, partic- 
ularly Fu, in BXH RI strains, showed a greater range of 
variation than either B6 or C3H progenitors, suggesting 
regulation by multiple genes. Likewise, patterns for verte- 
bral vBMD values were noteworthy in that the B6 and C3H 
progenitors were marginally different from each other, 
whereas the BXH RI strains showed a much greater range of 
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TABLE 3. juCT ANALYSIS OF LUMBAR VERTEBRAE FOR B6, C3H, AND BXH RI STRAINS WITH THE GREATEST (BXH-4) 
AND LEAST (BXH-3) VERTEBRAL STRENGTH (MEAN ± SEM) 

Inbred strain 

Variable B6 C3H BXH-3 BXH-4 

Vertebral geometry 

Height (ram) 2.60 ± 0.05a 3.22 ± 0.10b 3.51 ±0.11b 3.45 ± 0.22b 

Width (mm) 1.95 ± 0.13a 1.66±0.08b 

Trabecular structure 

2.03 ± 0.06a 1.98 ± 0.06a 

BV/TV (%) 24.1 ± 1.3" 16.0 ± 1.0b 10.8 ± 1.3a'b 30.0 ± 3.6ab 

BS/TV (mm-1) 8.5 ± 0.2a 4.4 ± 0.2" 3.3 ± 0.4a-b 6.7 ± 0.2a'b 

Tb.N (mm-1) 5.1 ± 0.2" 2.8 ± 0.1b 2.6 ± 0.2b 4.1 ± 0.2a'b 

Tb.Th (/um) 61 ±2 69 ±4 73 ± 1 93 ± 8°-b 

Tb.Sp (/xm) 199 ± 9a 388 ± llb 415 ± 38b 255 ± 13"-b 

Boldface indicates significantly greater than both C3H and B6; underline indicates significantly less than both C3H and B6. 
a Significantly different from C3H. 
b Significantly different from B6. 
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FIG. 4.' Relationship between femoral strength (ultimate force) and 
vertebral strength for B6, C3H, and BXH RI strains. The progenitor 
strains (B6 and C3H) show a large variation in femoral strength with no 
difference in vertebral strength. Likewise, selected BXH RI strains 
(BXH-3, BXH-4, and BXH-12) show large variation in vertebral 
strength with little or no variation in femoral strength. 

values. This distribution of values supports the conclusion 
that both progenitor strains have independent subsets of 
genes that yield very similar mean values. Recombination of 
those genes in the BXH RI strains yields a broader range of 
values. 

Not only is vertebral vBMD under genetic control, but it 
appears that the distribution of vertebral mineral into corti- 
cal and trabecular compartments also is regulated geneti- 
cally. Trabecular structure in the lumbar vertebra tended to 
vary independently of cortical BMC of the vertebra, and 
both trabecular and cortical bone contributed to vertebral 
strength. BXH-4 mice had alleles that contributed to supe- 
rior vertebral strength by increasing Tb.N, reducing Tb.Sp, 
improving Tb.Th, and increasing cortical BMC, while 
BXH-3 vertebrae were osteopenic with diminished trabec- 
ular and cortical bone structure. As for the progenitor 

strains, B6 had good trabecular bone structure and poorer 
cortical BMC, whereas C3H had the opposite combination, 
resulting in intermediate biomechanical properties. How- 
ever, the correlation between vertebral structure and biome- 
chanical properties was not perfect because the RI strain 
with the highest total vertebral vBMD and cortical BMC 
(BXH-14) did not have the greatest vertebral strength. This 
observation suggests that although the measured densitom- 
etry and geometric variables explain much of the variation 
in vertebral strength, other important structural variables 
that contribute to vertebral integrity remain. 

It was noteworthy that the variation in vertebral strength 
was not correlated consistently with femoral strength. In 
particular, the B6 and C3H strains indicated over a 2-fold 
difference in femoral strength with no difference in verte- 
bral strength while BXH-12 and BXH-4 strains were vastly 
different in vertebral strength with no corresponding differ- 
ence in femoral strength. These results strongly suggesting 
site-specific genetic regulation of bone strength. 

Although the ultimate goal of our studies is to better 
understand the pathogenesis of human osteoporosis, the 
mouse model used does not mimic osteoporotic humans. 
We chose 8-month-old female mice, which model middle- 
aged, premenopausal women. Our aim was to study the 
variation in bone microstrucrure and biomechanical proper- 
ties in animals with peak bone density. In women, the peak 
bone density achieved during childhood, adolescence, and 
young adulthood protects against osteoporosis in later 
years.(23) A further limitation of mice in the study of skeletal 
biology is their lack of osteonal remodeling in compact 
bone tissue. This key difference between mice and humans 
can lead to confounding results. These limitations not with- 
standing, mice remain one of the best animal models for 
studying genetic influences on human diseases and disor- 
ders, skeletal or otherwise. 

In conclusion, we found that the regulation of femoral and 
vertebral biomechanical properties in BXH RI mice in- 
volved multiple genes and was both site specific and com- 
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partment specific. Independent genetic regulation of femo- 
ral geometry, cortical BMC, and vertebral trabecular 
microstructure contributed to the variation in biomechanical 
properties among the strains. The genetic control of bone 
strength appears to be rich and complex with many puzzles 
to be solved before the genetic mechanisms are understood. 
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Effects of Dietary Restriction on Appendicular Bone in the SENCAR Mouse 

Elsa J. Brochmann Murray, Wesley G. Beamer, Maria Eugenia Duarte, Keyvan Behnam, 

Mario S. Grisanti, and Samuel S. Murray 

Peptide hormones, cytokines, and growth factors regulate cellular metabolism by stimulating second messenger signal 
transduction cascades in target tissues. A mutation in the regulatory domain of protein kinase C (PKC) in SENCAR (sensitive 
to ca/cinogenesis) mice renders them extremely sensitive to diacylglycerol and phorbol esters, resulting in rapid growth, high 
free radical generation, carcinogenesis, and metabolic bone disease. Dietary restriction (DR) normalizes PKC and ameliorates 
adverse downstream effects, including carcinogenesis, in SENCAR mice. We hypothesized that DR sufficient to ameliorate 
carcinogenesis would prevent or delay the early onset of metabolic bone disease in SENCAR mice. Male mice were assigned 
to 1 of 4 feeding groups from 10 to 16 weeks of age (the critical period when metabolic bone disease develops): ad libitum 
(AL)-fed; AL antioxidant (0.07% thioproline)-fed; 40% DR; or 40% DR antioxidant-fed. Femoral bone mass was determined 
gravimetrically. Tibial total, cortical, and trabecular bone mineral density (BMD) were determined by quantitative computed 
tomography. Body weight, femoral bone mass, and tibial cortical BMD were lower in DR than in AL mice. However, tibial total 
and trabecular BMD were higher in DR than in AL mice. Serum calcitonin, the hormone that inhibits the osteoclastic bone 
resorption that is most notable in trabecular bone, was 2-fold higher in DR than in AL-fed mice. Dietary thioproline had no 
major effects. Thus, DR sufficient to ameliorate carcinogenesis in SENCAR mice did not prevent early-onset metabolic bone 
disease, but it had a beneficial effect on tibial trabecular BMD that occurred at the apparent expense of cortical BMD. DR in 
SENCAR mice was also associated with elevated serum calcitonin, which may inhibit osteoclastic resorption and account for 
trabecular bone conservation in this model. In conclusion, PKC or the downstream metabolic processes regulated by it appear 
to play previously unrecognized roles in the regulation of tibial trabecular BMD and serum calcitonin in SENCAR mice. 
Copyright © 2001 by W.B. Saunders Company 

INBRED AND MUTANT mice, with their defined genetic 
backgrounds and short life spans, are useful models for 

determining the effects of diet and heredity on bone and min- 
eral metabolism.1-2 The SENCAR (sensitive to carcinogenesis) 
mouse is a model of elevated free radical generation,3-6 oxida- 
tive damage,7"9 and carcinogenesis10-12 that can be ameliorated 
by defined total dietary or calorie (fat or carbohydrate) restric- 
tion and exacerbated by high dietary fat intake.13-21 The pri- 
mary genetic defect in SENCAR mice is a mutation in the 
regulatory domain of a protein kinase C (PKC) isozyme that 
renders it exquisitely sensitive to diacylglycerol and phorbol 
ester stimulation.2223 Enhanced PKC signal transduction in- 
duces 8-lipoxygenase activity and arachidonic acid synthesis in 
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SENCAR mice, resulting in elevated hydroperoxide and super- 
oxide anion production by many cells, including peritoneal 
macrophages and peripheral blood leukocytes,5-6-8'9 and a 5- to 
10-fold increase in free radical-mediated oxidative DNA dam- 
age.10 Phorbol esters induce high levels of granulocyte-mac- 
rophage colony-stimulating factor (GM-CSF),24-25 epidermal 
growth factor receptor, transforming growth factor-a and -J3 
(TGF-a and -ß),26-27 and interleukin-1 (TJL-1)28-29 mRNA, pro- 
tein expression, and activity in SENCAR mice. 

Previously, we reported that SENCAR mice rapidly grow to 
a large size and have higher vertebral and long bone and body 
mass at sexual maturity30-31 than most other mouse strains.2 

However, sexually mature SENCAR mice develop histologic 
features of metabolic bone disease (low numbers of osteoblasts 
and osteoclasts, fatty infiltration of the marrow cavity, low 
mineral apposition rate, and low osteoid volume) by 14 weeks 
of age,1 while similar characteristics are not observed in control 
strains until about 2 years of age.32-33 These results suggest that 
the mutation in the regulatory domain of PKC that enhances 
oxidative metabolism, arachidonic acid synthesis, and cytokine 
and growth factor protein and receptor levels in SENCAR mice 
may also have important downstream effects on bone metabo- 
lism. 

Since defined total dietary or calorie restriction regimens can 
normalize PKC activity or ameliorate its adverse downstream 
biologic consequences, such as carcinogenesis, in SENCAR 
mice,15-17-19-34 we tested the hypothesis that dietary restriction 
(DR), alone or in combination with antioxidant feeding, will 
prevent the development of metabolic bone disease in this 
unique, well-defined murine model of elevated free radical 
generation, oxidative damage, and growth factor induction. 
During the critical period from about 10 to 16 weeks of age, 
when metabolic bone disease develops,1-30-31 SENCAR mice 
were subjected to 40% DR,15 antioxidant feeding, or 40% DR 
plus antioxidant feeding. The effects of dietary treatment on the 
appendicular skeleton were assessed by classical gravimetric 
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and morphometric methods, as well as by high-resolution pe- 

ripheral quantitative computed tomography (pQCT). In addi- 
tion, 2 serum parameters (calcitonin and osteocalcin) germane 

to mineral metabolism were measured by radioimmunoassay. 

MATERIALS AND METHODS 

Mice and Dietary Treatments 

All experiments were approved by the Animal Subjects Subcommit- 
tee and the Research and Development Committee. A SENCAR mouse 
colony was maintained as outlined in the Guide for the Care and Use 
of Laboratory Animals (DHEW Publication 86-23). Deionized, dis- 
tilled water and Richmond standard 9F mouse breeding chow (Diet 
#5020, Purina Mills, St Louis, MO) were provided ad libitum to the 
breeding colony. Housing facilities were maintained at 20° to 23°C and 
50% to 60% relative humidity with a 12-hour light:12-hour dark cycle. 

To permit comparison with previously published studies of bone 
metabolism in SENCAR mice,1'30-31 experimental mice were fed mod- 
ified rodent basal test diet #5755 (Purina Mills, Richmond, IN) from 10 
to 16 weeks of age. Modified test diet #5755 for AL-fed experimental 
mice contained 0.8% calcium and 0.6% phosphorus. Modified test diet 
#5755 for DR mice contained 1.33% calcium, and 1.0% phosphorus, so 
that the total dietary calcium and phosphorus intakes of AL-fed and 
40% DR mice were equal. Where indicated, modified basal test diet 
#5755 also contained 0.07% (wt/wt) thioproline (Sigma, St Louis, 
MO), a natural intracellular antioxidant derivative of the amino acid 
proline.35 

At 10 weeks of age, 51 male mice were randomly assigned to 1 of 
5 groups: time-zero (to) control; AL/-T (ad libitum-fed, no thiopro- 
line); AL/+T (ad libitum fed, 0.07% thioproline); DR/-T (40% dietary 
restriction, no thioproline); or DR/+T (40% dietary restriction, 0.07% 
thioproline). Time-zero control mice were killed at 10 weeks of age, 
and the remaining AL-fed or DR mice were killed at 16 weeks of age. 
The mice in each of the AL-fed and DR groups were weighed weekly 
from 10 to 16 weeks of age. Food consumption was determined on a 
daily basis for the AL-fed (0.00% or 0.07% thioproline) mice, and the 
mice in the 40% DR groups received 60% of the amount of food 
consumed by their respective AL-fed control groups on the previous 
day15 beginning on day 2 of the 6-week dietary treatment. 

Quantification of Bone Mass and Density 

At the end of the experimental period, the mice were killed by carbon 
dioxide inhalation followed by exsanguination. The femurs were re- 
moved and defleshed, and their maximum lengths and widths were 
measured with a #5921 micro caliper (Manostat, Geneva, Switzer- 
land).31 The dry, fat-free and ash weights of the femur were determined 
as previously reported.31 Briefly, the femurs were defatted for 48 hours 
in diethylethenethanol (1:1; vol/vol), dried at 105°C for 18 hours to 
obtain constant dry, fat-free weights, and heated at 550°C for 18 hours 
to obtain constant ash weights.31 The tibias were excised, lightly 
defleshed, and stored at 4°C in 95% ethanol until subjected to pQCT 
with a Stratec XCT 960M (Norland Medical Systems, Ft Atkinson, WI) 
specifically modified to measure bone mineral and volume in small 
specimens.2 Briefly, isolated intact tibias were scanned at 1-mm inter- 
vals beginning approximately 0.6 mm from the proximal end. The unit 
volume within which mineral was measured was set at 0.1 mm3.2 

Attenuation data for scans through the spongiosal region at the proxi- 
mal end of the marrow cavity were used to generate values for bone 
mineral content, volume, and density using XMICE software (version 
1.3; Norland).2 Data are presented for total bone parameters defined by 
an attenuation threshold a 500 and for cortical bone parameters de- 
fined by an attenuation threshold a 2,000.2 Total bone density values 
were calculated by dividing the total mineral content by the total 
volume.2 The precision for midshaft total cortical bone mineral density 

is 1.2%.2 The resolution of detection is 0.05 mm.2 The total mass of 
mineral per femur calculated from pQCT data using the XMICE 
software algorithms ranged from 15.3 mg to 27.4 mg in 11 strains of 
inbred mice, which is in excellent agreement with the range of 16.9 mg 
to 27.4 mg obtained by directly ashing and weighing bone from mice 
of similar ages.2 

Serum Osteocalcin and Calcitonin Assays 

Blood samples were collected by heart puncture between 8 AM and 
noon on the day the mice were killed. Serum was obtained by centri- 
fuging heparinized unhemolyzed whole blood in a microfuge for 3 
minutes at 4°C. The serum was stored at -20°C until assayed for 
calcitonin and mouse osteocalcin using commercial radioimmunoassay 
(RIA) test kits and reagents (Incstar, Stillwater, MN, and Biomedical 
Technologies, Stoughton, MA, respectively).30 All assays were con- 
ducted in triplicate in multiple dilutions of serum, as well as in control 
serum containing high or low levels of osteocalcin or calcitonin.30 The 
osteocalcin antibody is specific for highly purified intact murine osteo- 
calcin, and the RIA has an intra-assay coefficient of variation (CV) of 
7% and inter-assay CV of 12%. The antibody to synthetic human 
calcitonin (1-32) (a highly conserved mammalian sequence) exhibits 
excellent cross-reactivity (2:99%) with rodent calcitonins. The calci- 
tonin RIA has an intra-assay CV of 11% and an inter-assay CV of 15%. 
Assay results were calculated using the four-parameter spline fit option 
of RIACALC software (Wallac, Turku, Finland).30 

Statistical Analysis 

Data are expressed as the mean ± SEM (n) for all groups. Data were 
subjected to 2-way multiple ANOVA using dietary food intake and 
antioxidant feeding as the main effects and testing for interaction using 
StatView 512+ software (BrainPower Software, Agoura Hills, CA). 
Where indicated, data for individual groups were analyzed by 2-tailed 
Student's r test for parametric data or Mann-Whitney test for nonpara- 
metric data. Results were considered significant atPs .05. 

RESULTS 

Food Consumption and Body Mass 

Altering the calcium and phosphorus content or adding 
0.07% thioproline to Purina test diet #5755 did not affect its 
palatability, assessed as food consumption (Fig 1), or the ap- 
parent health status and activity levels of 10- to 16-week-old 
SENCAR mice, relative to that observed in previous studies of 
bone metabolism in this mouse strain.1-30-31 No consistent sta- 
tistically significant differences in food consumption were ob- 

served when AL/—T mice were compared with AL/+T mice 

(Fig 1). Since the palatability of the thioproline-supplemented 
diet had not been determined for AL-fed mice prior to these 
experiments, the mice in the 40% DR/—T group were fed 60% 
of the amount of food consumed by the mice in the AL/-T 

group,15 while the mice in 40% DR/+T group were fed 60% of 
the amount of food consumed by the mice in the AL/+T group. 
The mice in both of the 40% DR groups (DR/-T and DR/+T) 

consumed all the food supplied to them each day, and the total 
food intake was essentially the same for both DR groups 

(DR/-T and DR/+T) for the 6-week test period from 10 to 
16 weeks of age. It should be noted that such a 40% total 
dietary restriction regimen reduced the incidence and number 
of skin tumors in SENCAR mice seen 16 and 20 weeks after 

treatment with the tumor initiator 7,12-dimethylbenzanthracene 
and the tumor promoter 12-0-tetradecanoylphorbol-13-ace- 
tate.15 Therefore, this dietary regimen was specifically chosen 
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Fig 1. Food consumption by SENCAR mice. Mice were randomly 
assigned to 1 of 4 experimental feeding groups from 10 to 16 weeks 
of age, and food consumption was recorded daily. AL/-T (X); AL/+T 
(A); 40% DR/-T (O); 40% DR/+T (*). Data are the mean ± SEM 
(n = 10). 

for the present studies because it was associated with a statis- 
tically significant improvement in a downstream biologic effect 
(carcinogenesis) of PKC stimulation in SENCAR mice.15 

AL-fed (AL/-T and AL/+T) SENCAR mice weighed more 
than 40% DR (DR/-T and DR/+T) mice from 11 to 16 weeks 
of age (P < .001) (Fig 2). The average weight of SENCAR 
mice in the AL/-T group was not significantly different from 
that of mice in the AL/+T group. Similarly, the average weight 
of mice in the 40% DR/-T group was not different from that 
of 40% DR/+T group, confirming that this natural intracellular 
antioxidant has no overt adverse effects on food consumption 
or energy utilization in SENCAR mice. 

Femoral Bone Size, Mass, and Ash Content 

Six weeks of DR and antioxidant feeding had no statistically 
significant effects on the maximum external length or width of 
the femur (Table 1). As previously reported,31 the dry, fat-free 
and ash weights of femurs from 10-week old to control mice 
were equal to or greater than those observed in older mice. In 
addition, the dry, fat-free and ash weights of the femurs of 
16-week-old AL-fed mice were significantly greater (P = 
.0008 and P = .001, respectively) than those of DR mice by 
ANOVA (Table 1). The data demonstrating that AL-fed mice 
had heavier femurs than DR mice are consistent with prelimi- 
nary observations that the cortical width (eg, the width of both 
cortices measured at 7 equidistant sites) of the femurs was 20.7 
/im (-T) to 28.2 fim (+T) greater in AL-fed mice than it was 
in the corresponding group of DR mice. This corresponds to a 
cortical thickness that was 17% (-T) to 25% (+T) greater in 
AL-fed mice than in the respective group of DR mice. In 
addition, the cortical width of the femur was lower in 16-week- 
old DR mice than in 10-week-old to control mice, while the 

cortical widths of the femurs were similar in to and AL-fed 
mice (data not shown). Since the cortices were thicker in 
AL-fed mice, but the exterior dimensions of the femur were 
similar in AL-fed and DR mice, the higher dry, fat-free and ash 
weights observed in AL-fed mice can be attributed to reduced 
endosteal remodeling, enhanced endosteal deposition, or a 
combination of both in AL-fed mice, relative to DR mice. DR 
did not prevent the fatty infiltration of the marrow cavity that 
develops in sexually mature SENCAR mice1 (data not shown). 

The dry, fat-free and ash weights of the femurs of the DR 
mice that received no thioproline (DR/-T) were 13.9% (dry, 
fat-free weight) and 12.6% (ash weight) lower than those of 
AL/-T control mice (Table 1). In contrast, when thioproline 
was added to the diet, the femoral bone masses of 40% DR/+T 
SENCAR mice were only 4.3% (dry, fat-free weight) to 4.5% 
(ash weight) lower than those of the respective AL/+T control 
group (Table 1). However, although it appears that there was a 
trend toward higher femoral bone dry, fat-free and ash weights 
in thioproline-fed DR mice than in DR mice that did not receive 
dietary thioproline supplementation (DR/-T), compared with 
their respective AL-fed control groups, the trend was not sta- 
tistically significant. Finally, the degree of mineralization, as- 
sessed as the percentage ash, was not significantly affected by 
DR or antioxidant feeding (Table 1). 

Tibial Bone Density 

When 16-week-old AL-fed and DR SENCAR mice were 
compared, DR mice had significantly greater tibial trabecular 
bone density than AL-fed mice (P = .0002 by ANOVA) (Table 
2). In contrast, 16-week-old AL-fed SENCAR mice had sig- 
nificantly higher tibial cortical bone density than DR mice (P = 

10     11 12     13     14     15 
AGE (weeks) 

16 

Fig 2. Body weights of 10- to 16-week old SENCAR mice. AL/-T 
(X); AL/+T (A); 40% DR/-T (O); 40% DR/+T (*). Data are the mean ± 
SEM (n = 10). Addition of the dietary antioxidant thioproline had no 
effect on body mass over the course of the experiment. 
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Table 1. Femoral Bone Length, Width, Mass, and Ash Content in 10- and 16-Week-Old SENCAR Mice 

Dietary Groupt 

Parameter» to AL/-T AIV+T DR/-T DR/+T 

ANOVAIP values)* 

Effect of DR Thioproline Interaction 

NS NS NS 

NS NS NS 

.0008 NS NS 

.001 NS NS 

NS NS NS 

Age (wk) 
Length (mm) 

Width (mm) 

Dry, fat-free 

weight (mg) 

10                     16                     16 16 16 
17.2 ±0.11 17.6 ±0.06 17.4 ±0.09 17.1 ± 0.05 17.5 ± 0.12 

(11)                    (9)§                    (10) (8)5 (10) 
2.59 + 0.03 2.38 ±0.04 2.43 ± 0.04 2.38 ± 0.06 2.44 ± 0.04 

(11)                    (9)5                    (10) (8)§ (10) 

49.1 ± 1.2 48.8 ±0.8 46.2 ± 1.3 42.0 ±1.7 44.2±0.9 

(11)                    (10)                    (10)                    (9)U (10) 

Ash weight (mg) 32.8 + 0.8 31.8 ±0.4 30.8 ± 0.9 27.8 ± 1.03 29.4 ± 0.6 
(11)                    (10)                    (10)                    (9)H (10) 

% Ash|| 66.7 ± 0.2 65.3 ± 0.7 66.7 ± 0.4 66.3 ± 0.3 66.5 ± 0.4 
(11) (10) (10) (9)11 (10) 

Abbreviation: NS, not significant. 
•All values are expressed as the mean ± SEM (n). 
tAII mice received Richmond standard 9F mouse breeding chow ad libitum from weaning to 10 weeks of age (to). To permit comparison to 

previous studies of bone metabolism,1'30'3' DR,16 and thioproline,35 AL-fed mice received Purina basal test diet #5755 containing 0.8% Ca and 
0.6% Ca; 40% DR mice received test diet #5755 containing 1.33% Ca and 1.0% P; and thioproline-fed (+T) mice received 0.07% (wt/w) thioproline 

from 10 to 16 weeks of age. 
tAII data for 16-week-old mice were subjected to ANOVA, with DR and antioxidant feeding as the major variables. 

§The lengths and widths of intact unbroken femurs are reported. 
ffThe bone from 1 mouse fragmented during cleaning and was lost from the study. 

||% Ash = (Ash weight)/(Dry, fat-free weight) x 100. 

.0001). The net result was that total tibial bone density was 
greater in DR mice than in AL-fed mice (P — .047). 

When 10-week-old Lj control mice were compared with 
16-week-old AL-fed and DR SENCAR mice, total and trabec- 
ular tibial bone density were preserved in 40% DR mice, 
relative to 10-week-old tg controls, while 16-week-old AL-fed 
SENCAR mice had 40% to 42% lower tibial trabecular bone 
density than to controls (Table 2). In contrast, tibial cortical 
bone density in 16-week-old AL-fed mice was conserved, 
relative to 10-week-old to control values, and the lowest tibial 
cortical bone densities were observed in 40% DR mice. In 

summary, there was conservation of tibial total and trabecular 
bone density in 40% DR SENCAR mice, relative to 10-week- 
old tg control mice, that occurred at the apparent expense of 
cortical density, while trabecular bone density declined signif- 
icantly in AL-fed mice. The greatest change in tibial bone 
density that occurred between 10 and 16 weeks of age in 
SENCAR mice was the decline observed in the trabecular bone 
of AL-fed mice, and addition of dietary thioproline had no 
protective effect on this parameter. Finally, the higher cortical 
bone density observed in the tibias of AL-fed SENCAR mice 
(Table 2) is consistent with the greater cortical width (data not 

Table 2. Tibial Bone Densities in 10- and 16-Week-Old SENCAR Mice 

Dietary Groupt ANOVA (p values)* 

Parameter* to AU-T                       AIV+T                        DR/-T                       DR/+T DR Thioproline       Interaction 

10 16 16 16 16 

NS 

NS 

NS 

NS 

NS 

NS 

Age (wk) 
Total density 

(mg/mm3) 0.439 ± 0.014 0.413 + 0.011 0.411 ±0.017      0.429 + 0.015      0.453 ±0.011      .047 

(10) (10) (10) (10) (10) 

Cortical density 
(mg/mm3) 0.515 + 0.006IU 0.538 ±0.012 0.524 ± 0.005      0.497 ± 0.0055    0.495 ± 0.005fl    .0001 

(10) (10) (10) (10) (10) 

Trabecular density 
(mg/mm3) 0.233 ± 0.030||,# 0.135 ± 0.017|| 0.140 ± 0.018#    0.198 ± 0.025      0.240 + 0.018      .0002 
 (10) (10) (10) (9)** (8)**  

•Experimental values are expressed as the mean ± SEM (n). 

tThe diets are described in Table 1. 
tAII data for 16-week-old mice were subjected to ANOVA, with DR and antioxidant feeding as the major variables. 
flCortical bone density in 10-week-old to control mice was significantly higher than that observed in 16-week-old 40% DR mice at S P = .0272 

(DR/-T) and f P = .0197 (DR/+T) by Student's ttest. 
||,#Trabecular bone density in 10-week-old to to control mice was significantly greater than that observed in 16-week-old AL-fed mice at || P = 

.0108 (AU-T) and # P = .0151 (AL/+T) by Student's ttest. 
**The attenuation by trabecular bone could not be distinguished in 3 samples. 
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shown) and mass observed in their femurs (Table 1), when 
compared with DR mice. 

Serum Osteocalcin and Calcitonin 

When 16-week-old AL and DR mice were compared, there 
was no statistically significant difference in serum osteocalcin 
(one of the major noncollagenous proteins of bone synthesized 
and secreted by the osteoblast) (Table 3).36 Calcitonin, the 
systemic peptide hormone that inhibits osteoclastic bone re- 
sorption,37 was significantly higher (P = .0001) in the serum of 
16-week-old 40% DR SENCAR mice than in 16-week-old 
AL-fed controls (Table 3). 

DISCUSSION 

The SENCAR mouse is a novel, well-defined model of 
2-stage carcinogenesis characterized by enhanced PKC activa- 
tion22'23 and the downstream consequences of this activation, 
including elevated free radical generation,5-6'8'9 oxidative dam- 
age,10 and growth factor (GM-CSF, TGF-a and -j3, and IL-1) 
and growth factor receptor transcription, synthesis, and activity 
in epidermal cells, monocytes, and macrophages.24"29 In addi- 
tion, the metabolic regulation of bone development, growth, 
and maintenance is disordered in SENCAR mice. Specifically, 
the SENCAR mouse rapidly grows to a large size, and its 
vertebrae and long bones are larger and heavier at sexual 
maturity than those of 10 other strains of mice.2-30'31 Although 
the biochemical mechanisms underlying this robust bone 
growth have not been elucidated, it is consistent with the high 
levels of growth factor and growth factor receptor synthesis and 
activity observed in the nonskeletal tissues of SENCAR 
mice.2429 For example, osteoblasts secrete TGF-/3, which is 
deposited in the extracellular matrix during bone formation.37 

TGF-/3, which has previously been shown to be upregulated by 
phorbol esters in SENCAR mouse skin,26'27 is an autocrine/ 
paracrine upregulator of osteoblast anabolism when it is sub- 
sequently released from the bone matrix by osteoclastic resorp- 
tion.37 Enhanced expression and activity of local growth factors 
that affect bone, such as TGF-/3, in immature SENCAR mice 
would favor the development of high peak bone mass. 

The vertebrae30 and femurs1'31 of SENCAR mice stop grow- 
ing significantly by the time they are sexually mature (>10 
weeks of age). By 14 weeks of age, SENCAR mice exhibit 
severe histologic abnormalities in bone and cartilage, including 
the development of architectural disarray and focal disconti- 

nuities in the growth plate, low bone and osteoid volume, low 
mineral apposition rate, fatty infiltration of the marrow cavity, 
and very low numbers and biosynthetic activity of osteoblasts 
and osteoclasts.1 Although the pathophysiologic mechanisms 
of bone loss in SENCAR mice have not been elucidated, the 
perforation of structural elements, increased marrow cavity 
size, and discontinuities in bone structure that are observed1 are 
consistent with an osteoclast-mediated imbalance in focal re- 
modeling.38 GM-CSF and IL-1 (which are upregulated in phor- 
bol ester-stimulated macrophages and skin in SENCAR 
mice24'252829 and induce osteoclastogenesis in bone39) may 
initiate cycles of osteoclast-mediated remodeling38 that result 
in the unique histologic features of metabolic bone disease that 
are observed in this model.1 In addition, reactive oxygen spe- 
cies, including Superoxide and peroxide (which are produced at 
high levels by the leukocytes and macrophages of phorbol 
ester-treated SENCAR mice5'6'8'9-11) stimulate osteoclastogen- 
esis in bone marrow stem cell cultures.40 Since the dietary 
antioxidant thioproline had no statistically significant beneficial 
effects on femoral bone mass or basic morphometry or on tibial 
bone density in 16-week-old SENCAR mice (Tables 1 and 2), 
the results presented here suggest that autocrine and paracrine 
cytokines and growth factors, such as IL-1 and GM-CSF, 
probably play a more important role in the development of 
bone and cartilage abnormalities in mature SENCAR mice than 
do free radicals. Earlier implementation of antioxidant feeding 
or the substitution of other antioxidants for thioproline may 
have greater effects, but this remains to be determined empir- 
ically. 

Since defined total dietary or calorie (fat or carbohydrate) 
restriction regimens are sufficient to normalize PKC activity 
and ameliorate its downstream biologic consequences in 
SENCAR mice,15'17-19'34 the present studies were undertaken to 
test the hypothesis that DR would prevent the development of 
metaboUc bone disease if it were instituted during the critical 
period of the life span when metabolic bone disease developed. 
Long bones were analyzed by classical gravimetric and mor- 
phometric methods,30'31 as well as by pQCT, which is ex- 
tremely sensitive to regional changes in cortical and trabecular 
bone mass, volume, and density.2 The results obtained in 16- 
week-old AL-fed SENCAR mice confirmed previous reports 
that bone growth slows or stops at about 10 weeks of age 
(Table 1) and that early-onset metabolic bone disease develops 
within weeks of achieving sexual maturity (Table 2).1'31 When 

Table 3. Serum Osteocalcin and Calcitonin Levels in 16-Week-Old SENCAR Mice 

Dietary Group ANOVA 

Parameter* AL/-T A17+T DR/-T DR/+T 
(Pvalue),t 
DR Effect 

Serum osteocalcin (ng/mL) 3.19 + 0.40 3.46 ± 0.33 4.87 ± 0.71 3.82 ± 1.07 NS 

Serum calcitonin (pg/mL) 
(9)* 

83.9 ± 5.5 
(9)* 

91.4 ±14.3 
(10) 

214.9 ± 25.8 
(10) 

175.9 ±18.5 .0001 
(9)* (9)* (9)5 (8)1 

*AII experimental results are expressed as the mean ± SEM (n). 

tAII data for AL-fed and DR mice were subjected to ANOVA, with DR and antioxidant feeding as the major variables. No significant (P < .05) 
antioxidant effects or interactive effects between DR and antioxidant feeding were observed. 

tHemolyzed samples were not assayed. 

§There was not enough serum available to assay calcitonin in multiple dilutions in 3 mice. 
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assessed by pQCT, 16-week-old AL-fed SENCAR mice were 
found to have lower tibial total and trabecular bone mineral 
density (BMD) than 10-week-old to controls (Table 2). Trabec- 
ular bone has a much larger surface area to volume ratio than 
cortical bone.37"39 Since osteoclastic resorption occurs on the 
surfaces of bone, trabecular bone is much more labile to oste- 
oclast-mediated imbalances in remodeling and bone loss than is 
cortical bone.37-39 The novel observation that decrements in 
trabecular BMD, but not cortical BMD, are observed at an early 
age in SENCAR mice (Table 2) supports a major role for the 
osteoclast in the evolution of metabolic bone disease in this 
model. 

Our findings also suggest that the effects of DR appear to 
vary depending on the type of bone (cortical v trabecular) 
examined and the sensitivity and selectivity of the method 
of analysis (gravimetric or morphometric v pQCT) employed 
(Tables 1 and 2). Specifically, 40% DR did not affect gross 
femoral morphometry (maximum external length and width) 
(Table 1), but it was associated with reduced cortical width, 
relative to 10-week-old control and 16-week-old AL-fed mice. 
Although the external dimensions of the femur were un- 
changed, the decrease in cortical width in DR mice resulted in 
lower femoral bone mass in DR mice than in to control and 
AL-fed mice (Table 1). In conclusion, the observations that 
40% DR did not prevent femoral bone loss (assessed gravimet- 
rically as dry, fat-free and ash weights, or morphometically as 
cortical width) (Table 1) between 10 and 16 weeks of age in 
SENCAR mice appear to refute the initial hypothesis that DR 
sufficient to correct the underlying biochemical defect would 
also prevent bone loss. However, when the bones were ana- 
lyzed by pQCT, 40% DR was associated with a relative con- 
servation of tibial total and trabecular BMD that occurred at the 
apparent expense of cortical BMD (Table 2). The mechanisms 
by which DR effects the preservation of trabecular bone, rela- 
tive to cortical bone, in SENCAR mice have not been deter- 

mined. Diacylglycerol-regulated growth factor or growth factor 
receptor synthesis may be reduced by DR in SENCAR mice, 
thus reducing the rates of osteoclastogenesis and bone resorp- 
tion, and preferentially preserving trabecular bone. This hy- 
pothesis could be tested in several ways. For example, the rate 
of bone metabolism (anabolism + catabolism) in AL-fed and 
DR SENCAR mice could be assessed by measuring bone 
resorption and formation markers in the blood and urine. The 
levels, rates of synthesis, and turnover of specific growth fac- 
tors and growth factor receptors could be measured in vitro in 
osteoblast-enriched cultures or osteoblast and osteoclast cocul- 
tures derived from AL-fed and DR control (eg, C57BL/6 or 
DBA/2) and SENCAR mice. The rates of bone resorption in 
calvariae or long bones from AL-fed and DR control and 
SENCAR mice could be tested ex vivo in the absence or 
presence of vehicle, phorbol esters, diacylglycerol, or regula- 
tory hormones, such as calcitonin or PTH. 

DR was also associated with 2-fold increase in serum calci- 
tonin levels (Table 3). Calcitonin is the calcitropic hormone 
that inhibits osteoclastic bone resorption and enhances urinary 
calcium reabsorption.37 If PKC-mediated increases in GM- 
CSF,24'25 IL-1,28'29 Superoxide and hydroperoxide3-6 docu- 
mented in nonskeletal tissues in SENCAR mice also induce 
osteoclastogenesis and osteoclast activation in bone, as sug- 
gested above, then the increased circulating calcitonin levels 
observed in DR mice may account for preservation of tibial 
total and trabecular BMD. However, further research will be 
required to determine the physiologic mechanism responsible 
for increased circulating calcitonin levels in DR SENCAR 
mice. In conclusion, more detailed and longer-term studies of 
bone and mineral metabolism, bone cell biology, and the hor- 
monal regulation of bone remodeling in SENCAR mice will be 
required to determine the mechanistic bases for the develop- 
ment of metabolic bone disease and the beneficial effects of DR 
on total and trabecular BMD. 
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Summary Serum insulin-like growth -factor I (IGF-I) is regulated by numerous variables, including growth hormone 
(GH), nutritional status, gonadal steroids and other hormones. However, the circulating IGF-1 phenotype is also under 
heritable regulation, and several genetic determinants may be important in defining tissue-specific expression of the 
gene encoding this peptide. A very strong correlation has been found between serum IGF-l concentration and bone 
acquisition in both mice and humans. Based on previous studies as well as ongoing work with mice, it has been 
hypothesized that regulation of the serum IGF-I phenotype includes non-GH-dependent factors and, furthermore, that 
these determinants are also involved in the acquisition of bone mass. This paper reports that, by performing 
Intercrosses between two inbred strains of mice of similar age, size and length, but with different serum levels of IGF-I, 
we have identified regulatory loci for serum IGF-I and established their relationship to putative quantitative trait loci 
for bone mineral density. Mapping these quantitative trait loci will help'refine our understanding of disorders related 

to IGF-I. © 2000 Harcourt Publishers Lid 

Key words: Bone mineral density, genes, insulin-like growth factor I. 

INTRODUCTION 

Insulin-like growth factor I (IGF-I) is a ubiquitous 
polypeptide synthesized by virtually all cells of the body 
IGF-I also circulates in large quantities bound to a series 
of six IGF-spedfic binding proteins (IGFBPs). Serum 
levels of IGF-I mirror tissue levels in certain disorders 
such as growth hormone (GH) deficiency states and 
acromegaly1. With advancing age, serum levels of IGF-I 
decline significantly, as do tissue levels in cortical and 
trabeculax bone2. Moreover, receny epidemiological 
studies have suggested that serum IGF-l concentration 
reflects the rate of epithelial turnover and may be consid- 
ered a surrogate for the potential risk of cancer of the 
prostate, breast and colon'. Hence, understanding the 
regulation of serum IGF-I levels is essential to defining 
the role of this peptide in several disorders, including 
osteoporosis, heart disease and malignancy. 

GH is the principal regulator of hepatic IGF-I gene 
expression, although malnutrition and metabolic imbal- 
ances can depress the production of IGF-13. Still, the 

Connspandence to: C. J. Rosen. Maine Center for Osteoporosis Research 
and Education. St Joseph Hospital, 360 Broadway. Bangor. ME 04401, USA. 
Tel: +1 207 262 1176; Fax: *1 207 262 2060; E-msll: ker$n|cd©mlnl.net 

majority of circulating TGF-I is synthesized in the liver. 
However, the skeleton is also a major depot for the IGFs, 
and it is likely that there is a relationship between the 
skeletal and serum concentrations of these peptides4. 
Even among healthy individuals of the same age and 
stature, serum IGF-I levels can vary by a factor of 5. The 
reasons for this disparity are not entirely clear, but recent 
studies in humans have demonstrated a strong heritable 
component to the serum IGF-I phenotype5. Studies in 
inbred strains of mice also reveal characteristic differ- 
ences in serum IGF-I levels, despite similarities In body 
size, shape and length4. Because there are also genetic 
differences in the peak rate of bone acquisition, which 
occurs during a time of enhanced GH activity (hence 
peak serum IGF-I concentration), several investigators 
have suggested there must be a relationship between 
the genetic determinants of each phenotype. We have 
hypothesized that the serum IGF-I phenotype is under 
the regulation of several non-GH-dependent heritable 
factors, and these determinants may also be important 
for the acquisition of peak bone mass. Hence, using 
healthy inbred strains of mice, we have developed a strat- 
egy to map quantitative trait loci (i.e. the genetic factors) 
that regulate the serum IGF-I phenotype. 

1096-6374/00/030103+03 $35.00/0 © 2000 Harcourt Publishers Ltd 
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Table 1    Quantitative trait loci for serum IGF-l concentration and femoral BMD 

Quantitative trait loci for IGF-l 

Chromosome MIT marker 

1« 

4 

6' 
6" 

12 

215-416 

124-187 

93 

124-150 

233 

1 xlO-1 

5x10J 

6x10~» 

1.2x10-» 

5x10-a 

Quantitative trait loci for BMD 

Chromosome 

1» 

4' 

e 
6» 

11 

13 

14 

18« 

MIT marker 

416 3x 10-1S 

187 2 x 10-" 

93 4X10-1 

124 4x10J 

242 3x10-" 

13 3x10-« 

62 4X10-1 

36 4x10-* 

'Quantitative trait loci contributing > 5% of variance for IGF-l or BMD 

MATERIALS AND METHODS 

Serum IGF-I concentration is 35% higher in 4-month-oJd 
C3H/HeJ mice than in C57BL6 mice of similar age and 
size1. This difference exists across all age groups and gen- 
ders. Similarly, bone mineral density (BMD), measured by 
peripheral quantitative computed tomography (QCT) of 
the femur, differs by the same magnitude between these 
two inbred strains*. Hence, we performed intercrosses 
between 4-month-old male C57BL6 mice and 4-month- 
old female C3H/HeJ mice to produce Fl heterozygotes. 
These Fl mice were then intercrossed to yield F2 mice. 
A total of 636 F2 female mice were studied using the 
following methodology. 

Genotyping 

Genomic DNA from the kidneys and spleen of all 
636 animals was analysed. Polymerase chain reaction 
amplification was performed using oligonucleotide 
primer pairs (Research Genetics, Huntsville, Alabama, 
USA) to identify highly polymorphic microsaiellite allellc 
variance between C57BL6 and C3H/HeJ mice. 

Phenotyping 

Serum IGF-I from all 636 animals was evaluated by 
radioimmunoassay after acid-ethanol cryopredpitation 
to remove residual IGFBPs4. To correct for interassay 
variation, pools of B6 and C3 progenitor strains were 
assayed during each run as a standard. 

Bone mass measurements 

BMD was measured by peripheral QCT of the mid-shaft 
of the femur in all 636 animals. Previous studies have 
demonstrated a coefficient of variation of 0.6% for 
measurements at this site6. 

Association 

Associations between the serum IGF-I phenorype and 
the genotype of the F2 mice were assessed using MAT- 
LAB and MapMaker QTL computer software (Mathworks, 
Natick, Massachusetts, USA), and ] 07 MIT genetic mark- 
ers were examined. Statistical significance was defined as 
P values of less than 0.0001. Correlations between serum 
IGF-I concentration and femoral BMD were determined 
by simple Pearson's correlation coefficients. Results are 
presented as means a SEM. 

RESULTS 

In the 4-month-old progenitor strains (11 C3H mice, 13 
B6 mice), the mean IGF-I serum levels of the two strains 
differed by approximately 30% (C3H mice, 415=19 vig/I; 
B6 mice, 300 ± 13 ug/1; P< 0.0001). In the 636 F2 mice, 
the mean serum IGF-I level was 360 * 5 ug/1 (range, 
187-634 ug/1). The distribution of serum IGF-I levels in 
the F2 mice was Gaussian. Serum IGF-I level correlated 
with femoral BMD, as measured by peripheral QCT, and 
accounted for 10% of the variance in BMD (r = 0.30. 
P < 0.0001). Analysis of the entire genome identified 
three putative quantitative trait loci with P values 
less than 0.0001, according to the criteria of Lander and 
Kruglyak7: one on chromosome 1 and two on chromo- 
some 6. Table 1 identifies the other loci that were statisti- 
cally significant for the IGF-I phenotype and delineates 
the major quantitative trait loci for the BMD phenotype. 
The three major loci for serum IGF-I concentration are 
also shared with quantitative trait loci for BMD, although 
ihe strength of the association varied for each trait. 

While none of the tentative loci for the IGF-I pheno- 
type mapped to the locus of the gene encoding GH or 
GH-releaslng hormone (GHRH), one of the chromosome 
6 loci is in the region of the gene locus for the GHRH 
receptor. However, the major quantitative trait loci for 
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serum IGF-I is located between MIT markers 124 and 
150 on chromosome 6. This region is approximately 4 
centimorgans. One of the candidate genes in this area is 
the gene that encodes Raf-I, a serine threonine kinase 
that is essential in the signalling pathway for MAP kinase. 
GH, IGF-I and other growth factors signal through this 
pathway and activate Fos and Jun as well as other 
peptides that enhance cell proliferation 

DISCUSSION 

In this study, wc have defined several quantitative trait 
loci for the serum IGF-I phenorype. These putative 
regions are also shared by the femoral BMD phenotype. 
In addition, for all the F2 mice studied, serum IGF-I level 
closely correlated with bone mass. These lines of evi- 
dence suggest that there is a link between IGF-I concen- 
tration and bone mass. Previous studies have suggested 
there is a relationship between IGF-I and BMD, and this 
study provides further evidence for this relationship and 
implies there may be shared genetic determinants of 
these two phenotypes8-9. More importantly this study 
also suggests there must be non-GH-dependent factors 
that regulate the expression of genes encoding IGF-I. 
Although it has long been known that parathyroid hor- 
mone and other cyclic AMP analogues can induce 
expression of the gene encoding IGF-I in bone, these data 
suggest there must be other factors that presumably reg- 
ulate hepatic IGF-I synthesis10. 

In the two progenitor mice strains, serum IGF-I con- 
centrations differ by a significant magnitude, yet the lev- 
els of GH secretion, CH-binding protein and the IGFBPs 
do not differ. Very recently, we have shown that, in 
mutant IMitCHRH receptor-deficient mice in which'the 
background strain has been switched from C57BL6" to 
C3H but the phenotype of a little mouse is maintained, 
hepatic transcription of the gene encoding IGF-I is 
enhanced four-fold, despite the absence of GH. This find- 
ing suggests there are genetic deterntinants in C3H mice 
that regulate transcription of Igf-Ibm are independent of 
CH. Our strategy of mapping quantitative trait loci may 

provide important new information about potentially 
novel transcription factors. 

In summary, we have defined several quantitative trait 
loci for the IGF-I phenotype. These putative loci may also 
be important in the acquisition of peak bone mass in 
mice. Further studies should definitely map these regions 
as well as any interactive loci, and could produce candi- 
date genes for transgenic or knockout studies. 

ACKNOWLEDGEMENTS 

This work was funded by a grant from the National 
Institutes of Health (AR45433). 

REFERENCES 

(y Donahue LR, Rosen CJ. IGFs and bone: the osteoporosis 
-connection revisited. Proc Soc Exp Biol Med 1998; 219:1-7. 

^Donahue LR, Hunter SJ, Sherblom AP, Rosen CJ. Age-related 
changes in serum insulin-like growth factor binding proteins in 

»men. J Clin Endoerinol Metab 1990; 7\\ 57S-579. 
;en JP, Ketclslcgers JM, Underwood LE. Nutritional 

cgulation of the insulin-like growth factors. Endocr Rev \9$4- 
15:80-101. 

^Rosen CJ, Dimal HP, Vereauh D ttal, Circulating and skeletal 
insulin-like growth factot-I (IGF-1) concentrations in two inbred 
«trains of mice with different bone mineral densities Bone 
1997;21:217-223.       ' 
Kao PC, Matheny AP, Lang CA. IGF-I comparisons in healthy 
win children. J Gin Endoerinol Metab 1994; 78: 310-312. 
learner WG, DonaKue LR, Rosen CJ, Baylink DJ, Cenetic 

"lility In adult bone density among inbred strains of mice 
1996; 18: 397-403. 

f    ider E, Kruglyak L. Genetic dissection of complex traits: 
guidelines for interpreting and reporting linkage results, Nat 

-Genet 1995; 11: 241-247 
<$/ Langlois JA, Rosen CJ, VTsser M et al. The association between 

IGF-I and bone mineral density in women and men: the 
Framlngham heart study. J Clin Endoerinol Metab 1998- 83- 
4257-4262. 

sfTC&dogan J, Blumsohn A, Barker ME, Eastell R. A longitudinal 
sjtfdy of bone gain in pubertal girls: anthropomctric and 
biochemical correlates. J Bone Miner Res 1998' 13- 

'"    612. 

Pollak MF. IGF-I and aging: a new perspective for a 
new century. Trends Endoerinol Metab 1999, ]fj: 136-142. 

sjnay oi b 
/Biochemie 

rV 1602-161: 
\^Pf Rosen 0,1 



Beamer, WG 
DAMD-17-96-1-6306 

Appendix 23 

Ms Patricia Modrow, 31 August 2000 
Grant Officer's Representative 

Fort Detrick, 
Frederick MD 21702-5012 

RE:     Grant number DAMD17-96-1-6306 
Request for extension and supplement 

Title:    "Genetic and morphometric analyses of bone density, a polygenic trait" 
PI:      Wesley G. Beamer, PhD 

Request 
The above US Army grant co-sponsors our bone genetics program in conjunction with NIH 

AR43618. We have requested a 12 month no-cost extension, while our application for renewal of the 
NIH program support is reviewed by the NIAMS review system. This is a request for a companion 
extension for DAMD17-96-1-6306, and for consideration of a supplement for equipment specifically 
to capitalize on existing progress in our bone program. 

The Bone Program at The Jackson Laboratory 
The Jackson Laboratory is a not-for-profit biomedical research institution specializing in genetic 

studies utilizing inbred and mutant gene-bearing strains of laboratory mice for investigation of 
biomedical problems. Major human health problems currently being studied are cardiovascular disease, 
hematologic disorders, cancer, immunology, neurological disorders, reproductive disorders, diabetes 
and adiposity, dermatologic disease, and prenatal developmental errors. 

Rationale for Analyses of Bone Mineral Density and Strength Genes 
In humans, peak bone density is essentially completed at the end of the second decade of life after 

pubertal growth ceases and adult rates of bone turnover have been established. When an adult acquires 
a low peak bone density, this is recognized as a risk factor for osteoporotic fracture in the elderly. 
Genetic factors that each individual possesses orchestrates the effect of exogenous and endogenous 
factors leading to the final adult bone status. Although studies have shown that 60-70% of the normal 
variability in bone mineral density is genetically determined, identifying genes participating in 
maintenance of normal skeletal mass is in a rudimentary state. 

With the timely assistance of the US Army financial support provided by DAMD17-96-1-6306, we 
have developed a unique program in bone and osteoporosis as a powerful addition to the Institution's 
repertoire of scientific endeavor. The bone program focuses on four areas of genetic regulation: 1) 
bone mineral density, 2) IGF-1,3) bone size, and 4) bone strength. Inbred strains of mice represent 
excellent systems for genetic analyses of polygenic traits such as bone density, because within each 
strain all genetic loci are homozygous, while matings between strains allow unambiguous correlation 
between phenotype and genotype. Highlights of current genetic studies with animal models include: 1) 
definition of proportion of bone density regulated by genes is remarkably similar to human twin 
studies (-70%); 2) location of approximately 14 genes participating in density ; 3) successful isolation 
of 10 density regulatory loci in congenic strains; 3) distinct regulatory loci also demonstrable for bone 
strength and geometry; 4) regulation of serum Insulin-like Growth Factor-I (important in bone 
formation) by 4 loci - at least one gene common to density regulation; 5) mineral packing density 
properties, as well as biochemical correlation of bone formation and resorption markers with specific 
genes are emerging; and 6) very few known candidate genes are associated with normal regulation of 
bone density or strength. This latter point means that many new genes are being identified and much 
hard work lies ahead. 

Instrumentation request 
Continued pursuit of fundamental advances in locating genes, mapping, and sequencing, requires 

the full combination of today's technology in the bone field. Essential to further genetic analyses is the 
instrumentation to accurately measure the subtle phenotypes associated with gene-induced changes in 
bone formation and resorption. Three specific instruments have been identified with technological 
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characteristics that will facilitate additional progress on genetic analyses of bone density and strength at 
The Jackson Laboratory. There instruments are synopsized as follows: 

• Bone Histomorphometry. Undecalcified bone sectioning instrumentation consists of the model 
300 CP band (saw) system and the model 400 CS grinding system from EXAKT Technologies, Inc., 
(Dallas, TX; Instruments made in Hamburg, Germany). This instrument permits examination of bone 
at the cellular level. Cost: approximately $90,000. This equipment is designed and intended to address 
the static (single point in time) and dynamic (changes with time) patterns of biochemically active sites 
in bone. Typically experimental animals are treated with tetracycline compounds that are rapidly 
deposited with mineral in bone; these compounds fluoresce under polymerized UV light. The 
advantage of histomorphometry is accurate assessment in a 2-dimensional plane of dynamic changes in 
bone formation and bone resorption via measurements of amount of mineral deposited, specific bone 
surface mineralized, and bone formation rates. Accomplishment of these objectives requires 
specialized equipment designed to cut and polish undecalcified bone sections that are approximately 50 
microns in thickness. Serial sections, however, are not practical. 

• Micro computerized tomography. MicroCT 20 manufactured by SCANCO Medical AG (Scanco 
USA, Inc.; Bern, Switzerland). Cost: approximately $150,000 per recent quote. This instrument has a 
detection resolution of approximately 17 micrometers. This is more than sufficient to visualize bone at 
the trabecular as well as cortical level, permitting assessment of properties of shape, thickness, 
connectivity, volumes, etc. Routinely, this instrument obtains user defined, multiple serial scans of 
individual bones that can be assembled in 3-dimensional reconstructions to demonstrate the actual 
structure and geometry of bone specimens. Data on structure and geometry are crucial for interpretation 
of experiments aimed at how mineral density, geometry, and quality related to the overall property of 
bone biomechanical strength. 

• Skeletal phenotyping by whole body computer assisted tomography. MicroCAT manufactured by 
ImTek, Inc. (Knoxville, TN 37939) This instrument produces 3-dimensional transverse images of the 
body of small experimental animals (such as mice) at any plane desirable. Cost of system components: 
approximately $180,000. The instrument produces an image with 50 mm diameter, with a resolution 
of 50 micrometers. The value of this instrument is that it will be possible to detect skeletal aberrations 
at the whole bone level with a high through put. This will greatly facilitate the detection of mutant gene 
actions on bone parameters such as number of vertebrae, cross-section size, joint configurations, etc. 
Given that multiple 'slices' with the MicroCAT are user defined, available software will permit 3- 
dimensional reconstruction of any portion of the skeleton shown to be of special interest. 

Publications from our group and close collaborators are contributing to a broader understanding of 
normal bone, in addition to goals of identifying new genes through studies of spontaneous models of 
skeletal aberrations caused by mutant genes. In short, we are poised to link our genetic findings with 
specific phenotypes measured by the above technologies to gain the insights to biochemical 
mechanisms responsible for maximal density, strength, shape, and growth of bone. We would 
appreciate any consideration for possible supplement toward acquiring these technologies. Without 
question, such would accelerate our ability to pursue the functional relevance needed to apply our 
newly discovered genetic insights to bone biology. 


